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PREFACE TO THE SECOND EDITION 


Advances in plant ecology liaA e Ixxmi rapid during tlie past decade. 
Methods of st\idying vegettilion hav(* boon ini])ro\CHl, the fundamental 
natural units are better understood, knowledge^ of eeesis and invasion 
has been greatly advanced, and reactions and co:i(*1ioiis are more fully 
comprehended. Marked inogress has Ix^en made in the study of th(^ 
effects of light, wind, and drought upon vegetation. Experimental 
evidence has greatly chang<Hl the concept of xeroph^Mism; reactions, 
coactions, and stal)ilization are much bett('r understood and are now 
directly appli(‘d to prol)hvms of conservation. 

Th(‘ new conce[)tion of the xa^t importance of cliln^lt^^ and vegetation 
in s(»il develo[)meiit lias now been geiu‘rally a/loi>t(‘d. The enormous 
importance of a plajit cover in stabilizing soil against erosion l)y w-ind 
and water is inor(‘ fully r(‘a]iz(‘d. Stiidif^s of coiiscu’vation of wild life 
have been shoAvn to hinge u])on an undcj’standing of the vegetation whi(di 
furnishes food, cov('r, and slndter for animal life. TJk' heavy toll exacied 
by erosion on till(*d lands must overcom(‘ in th<^ main by farming 
systems that an‘ in harriiony with the environment the normal (‘limatic 
and v(‘getational jirocesses. A fairly conipreh(‘nsiv(‘ umhu’standing of 
Nature’s principl(\s and methods has now been attaiiuxl as n^gards the 
processes of plant succ(‘ssion, stabilization of climax vegetation, and the 
use of plants and plant communities as indicators of what has happencMl 
in the past, what is taking i)la(;e today, and what can be made to happen 
in the future. 

Th(‘ pur])Ose of the revised edition is to furnish a comprehensive text- 
l) 0 <)k in accord w it h i)res(»ijt-day ecologic^al progr(‘ss and a guide to workers 
in the numerous related fifvlds wh(T(‘ an intimate knowledgf; of plants 
and plant environments, whether natural or modificnl by man, is fimda- 
luental to ])rogi‘ess. 

In the preparation of the revision the authors have become ind(*bted 
to several persons for reading portions of the manuseript. Tlnir thanks 
are due especially to l)o(‘tors F. ,1. Alway, C. K. Kcdlogg, aiul H. C. 
Hanson, and to Prof. T. J. Fitzpatrick and Dr. W. J. Himmel for reading 
both manuscript and proof. 

John E. Weavek. 

Lincoln, Nebraska; Fuedeuic E. Clemknts. 

Santa Barbara, California, 

January, 1938 . 




PREI^^A( E TO THE FIRST EDITION 

This volume is dc'si^viied to iruH'.t the iu‘ecl for a comprehoiisive text¬ 
book of plant ecology aiul to foriiisl) a guide to workers in related fields. 
It is written from the standpoint of development, instrumentation, 
and exf)erim('nt,. The student of plant production, whether in botany, 
agrieultiir(', grazing, forest,ry, plant ])athology, or other fields, is beginning 
to study mor(' thoroughly the intimate ndations b(‘t\\'(‘en plants or groups 
of plants and their ein’ironm(*nt. In fact, many of his most important 
prol)lems deal Avitli tin' relations of ])lant to habitat, wlietber the tatter 
l)e natural or modified hy cultivation, and th(\se (\an not be satisfactorily 
solved until theses relationshi|)s an* w(‘ll understood. In addition, the 
field of ecology is uniciue in its fundamental contributions to a general 
understanding of tlu' plant world upon wduch man and animals are 
dependent. This Ixiok has Ix'en ])lanrH‘d to mei't tliese several needs. 
It is the outgi’owtli of many yc^ars of rc^searidi and teaching by both 
authors, and coin])reh(‘nds tin* g(*n(‘ral course in (oology given by tlm 
first-namcxl author in the University of N('l)raska. Th(‘ subjec^t inattf^r 
has IxxMi n'peatedly us(*d by class(\s and found readily (Ximpndiensible; 
tlu* (*xiKvriments and exevreises have jnoved w orkable, and the field work 
illuminating. 

Tlu* experinu*nts and (.‘X(*rcises for greenliouso and laboratory have 
b(on outlined in detail as an outcome of r(*])(*ated use by classes. More? 
experimental Avork has be(*n included tlian the average elas.s will find 
time to do and, thus, a choice of maUoials may be had to fit the time and 
conditions und(‘r Avhich tlie course is giAon. Ficdd studies have been 
suggested only in liroader outlines. While all of this w^ork is usually 
done, tlu* (hdails aie l(*ft to be (*laborat(xl for tlie particular communities 
a\'ailabl(3 to the student. 

The Avriters are under great obligations to the Uarnegic Institution of 
Washingt,on for tlu* liberal use of text and illustrations from several 
publications and to H(*nry Holt and Company for similar pcTinlssion 
in ecmnectioTi witli '‘Plant Physiology and Ecology."’ To a number 
of students of the first-named author, espoeially Mr. T. L. Steiger and Miss 
Theodora Klose, the Avriters arc indebted for certain draAvings. The 
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PREFACE TO THE FIRST EDITION 


chapter on Soils has been carefully read by Prof. J. C. Russel, and 
the entire manuscript by Dr. Herbert C. Hanson. The writers are 
further indebted to Prof. T. J. Fitzpatrick and Dr. Walter J. Himmel 
for the readitig of both manuscript and proof. 

John E. Weaver. 

Frederic E. Clements. 

LiNcoLiv, Nebraska; 

Santa Barbara, Cauiy)rnia. 

May, 1929. 



TO THE TEACHER 


(CONCEBNING WORK IN THE FIELD) 

Plant e(!()logy is preomiiiently a field .subject. No type of class work 
needs more careful planning tlian does that given in the field. Although 
tlie first-named autlior has taught ecology for many years, he seldom 
takes a class into the field without making a preliminary visit for the 
purpose of formulating a detailed jdan. When carefully outlined, 
enough field exiierience may lx* gained during 8 to 10 half-day trips to 
afford a fairly adeiiuate background for study during tin; winter. To 
illustrate, at Nebraska tlie first field trip usually has for its purpose the 
■study of about 10 dominants and .subdominants of low and high prairie, 
respectively, including something of the aiitfjcohtgy of each. It is 
concluded by securing soil .samph's from the two habitats for water- 
content determinations. 

A .s(‘cond half-day is spent in a brief survey of the imjiortant species 
of areas of upland prairie, tall marsh-grass swam}), and sumai! thicket. 
Measurements of evaj)oration, humidity, and wind velocity in each 
community are .sup|)leniented by readings from (■ut-.shoot potometers 
for a }iart of the period. 

A study of salt-marsh dominants, tlieir auti'cology, disl.Tibution 
in zones due to varying alkalinity, and siiccessional relations from 
bare area to stabilized })rairie, together wdth the securing of soil samples 
for later salt-content analysis, occuiues another half-day. 

Usually an entire day is spent in the forest, where especial emphasis is 
placed ujion the recognition of various kinds of c,ommunities, e.y. hazelnut- 
coralberry chaj)arral, bur oak-bitternut hickory, shcllbark hickory, and 
red oak-linden upland communities, and elm-ash flood-plain forest. 
Attention is directed toward a study of the condition,s of soil, water 
content, (!tc. under whicdi each d(!velops; the stnicture of each community 
iis regards inpiortant species, layering, and rate of growth of dominants 
as determined by an increment borer; the rciactions of the community 
upon light, humus accumulation, and soil stnicture; and the relations of 
one community to another in their successional sequence. 

The story of a hydroscre, beginning with an examination of sub¬ 
merged and floating plants, including bulrush, cattail, and reed swamp, 
and ending wdth the development of .sedge meadow into climax prairie, 
occupies another half-day. Even in so brief a time much may be learned 
concerning the autecology of the dominants, their adaptations to the 
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xii 

habitat, the community reactions, and the resulting shifting of popula¬ 
tions in the processes of development. 

A visit to carefully selected rock outcrops affords opportunity for 
tracing the several stages of a xerosere. The ecesis and competition 
of crustose and foliose lichens are observed; the invasion of xericj mosses 
and the disappearance of the lichens; the establishment of pioneer 
herbaceous species where a thin soil has been formed; the development 
of the xeric herbaceous stage with the deepening of the substratum 
and humus accumulation; invasion of shrubs and their profound reactions 
resulting in the disappearance of the herbs and ]at(ir in the invasion of 
drought-resistant trees. This includes a study of water- and humus- 
content of soil. 

At least one-half day is given to learning the method of making list 
and chart quadrats and belt transects, usually in open areas. This 
includes examination of bisects found along stciep roadside cuts or 
elsewhere. 

One trip is concerned with the problems of grazing; indicators of 
various degrees of overgrazing are studied; the vegetation in exclosures, 
one to several years old, is compared and succession traced from greatly 
overgrazed, weedy, (jroded areas to the climax vegetation. Later the 
changes as recorded by permanent quadiats, community maps, and 
photographs are examined and discussed. 

Two stations are established near or on the (^ami)us wher(‘ students 
operate hygrothermographs, soil thermographs, atmomet('rs, and arw- 
mometers. The instruments are frequently checked and th(‘ir operation 
continued until each student is familiar with all. This also includes the 
measurement of light intensities in several habitats. Little time is given 
to comparing and interpreting the records until the sov(>ral factors 
measured are studied in detail. 

During the field work, soil samples are secured for pH determinations, 
various living plants are transferred from fic?ld to greenhouse wIktc they 
furnish material for the work on ecological anatomy, experiments ou 
aeration, relative transpiration, length of day, etc,. The field work of 
spring and summer need not he outlined here. A discussion of the text 
should present so many problems concerning instmrnents, phytometers, 
methods of studying vegetation, pollination, life histories, coactions, 
indicators, etc., that the question is one of doing what seems most 
important and expedient in the time allotted for the work. 

Meteorological instruments and apparatus may be obtained from 
Julien P. Friez and Sons, Belfort Meteorological Observatory, Baltimore, 
Maryland, and Henry J. Green, 1191 Bedford Avenue, Brooklyn, New 
York. The more strictly ecological instruments are supplied by Fred C. 
Henson, 3628 East Colorado Street, Pasadena, California. 
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PLANT ECOLOGY 


CHAPTER I 

VEGETATION; ITS ORIGIN, DEVELOPMENT, AND STRUCTURE 

Vegetation is the sum total of plants covering an area. It may be a 
forest with its trees, undershrubs, and herbs and the forest floor with 
mosses, fungi, and hchens. It may consist of bulrushes, cattails, and 



Fig. 1.—A layer of herbs, touch-me-not (Impatiens), three-seeded mercury (Acalypha), 
etc., in a young oak-hickory forest. 

similar groups of plants growing in marshes, or of algae submerged in 
water, or of the sparsely spaced cacti, sagebrush, etc., of the desert, or 
of the crustlike growth of lichens on otherwise bare rocks. 

Vegetation is more than the mere grouping of individual plants. 
It is the result of the interactions of numerous factors. The effects 
of the plants upon the place in which they live and their influence upon 
each other are especially significant. When trees develop in an area, 
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they greatly modify conditions for growth by decreasing light and 
lessening the force of the wind (Fig. 1). Water evaporates less readily 
from the soil when covered with a mulch of decaying leaves, and the air 
is more humid under a leafy forest canopy. Sun-loving shrubs and herbs 
disappear and are replaced by those which thrive in cool, moist, shady 
places. The trees not only largely determine the kind of plants which 
grow beneath them but also profoundly influence each other. If densely 
crowded, they grow tall and straight and usually lose their lower branches 



Fig. 2. —Much-branched bur oak about 140 years old which grew for nearly a century 
in an open area in eastern Nebraska. The tall straight oaks growing around it are only 
about 60 years old. They have developed since the ccHsation of prairie fires. 


as a result of insufficient light. Under such conditions, many species 
of trees cannot thrive. Where the forest is open, the branches extend 
nore widely and each individual makes a better development (Fig. 2.) 
A. study of vegetation reveals that it is an organic entity and that, like 
an organism, each part is interdependent upon every other part. 

How Vegetation Originates. —^Vegetation arises from the coming 
together of individual plants and their interactions upon each other. 
The latter are brought about by the plants modifying the habitat or 
■)lace in which they live. They cause it to become wetter or drier; they 
,nay increase the richness of the soil and decrease the light. In different 
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ways, they make it a fit or an unfit place for various other kinds of plants 
to grow, 

The origin of vegetation may be observed in a fallow field or garden. 
When all the former vegetation has been destroyed aihd seeds or other 
propagules buried too deeply to develop new plants, the area is usually 
populated very sparsely the first season, mostly with weedy annuals. 
By the second year, vegetation has greatly increased. In addition to a 
new crop of annuals, many biennials and even some perennials appear. 
These increase by both seed and vegetative proi)agation and, with other 
plants that have migrated into the new area, soon cover the ground and 
apparently appropriate all the space. In the struggle for light, water, 
and nutrients that follows, the annuals, which must start anew^ each year, 
show their handicap by disappearing, while perennials, which constantly 
hold the ground and extend their territory, increase in importance. 
Some are more successful than others and in time occupy the area more 
or less exclusively. 

An abandoned field or unused road in the Great Plains passes through 
theH(? various stages and after many years is revegetated with buffalo 
grass and grama grass.In New England or Kentucky the final 
vegetation is a forest. Sand dunes are vegetated in a similar way, by 
the coming together or aggregation of individual plants; so, also, are 
shallow ponds or dried lake bottoms, talus slopes, inud-covere^d flats, 
exposed rock ledges, and, indeed, all bare areas.Just as bare areas are 
being covered by plants today, so, too, they were vegetated in the past. 
Plants be(^ame grouped in the areas left bare by retreating glaciers, on 
the wind-blown hills of loess, on the uplifted margins of the ocean, and 
on the mountain ranges of naked rock. In short, vegetation originated 
with the appearance of the land mass that it covers. 

How Vegetation Develops. —The development of vegetation consists 
of a number of closely relatcid processes so important that each forms a 
special field for study. All bare areas that are entirely free from seed or 
other propagules owe their pioneers to migration (Fig. 3). This includes 
all movements by means of which plants are carried away from the parent 
or their original home. The distance may be short, barely outside the 
area dominated by the parent, or very great, as often occurs with wind- 
blowm or w^ater-carried germules. The fundamental process is moving 
the germules—seeds, spores, runners, etc.—away from the old and into 
the new area. 

Migration alone, however, cannot produce vegetation. It is entirely 
ineffective if the propagules do not grow. The seeds must germinate in 
the new area, the seedlings grow into mature plants, and these, in turn, 
must reproduce if the area is to be vegetated. The migrants must make 
themselves at home, an idea that is expressed in a single term eceais. 
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After the establishment of the first scattered invaders, the individuals 
come to be grouped, as a result of propagation, a process termed 
aggregation. 

Aggregation ^oner or later results in competition. The pioneer 
invaders may grow so far apart that no other plants encroach upon the 
same territory for water, nutrients, or light, or if they do there may be 
sufficient for all. In such cases, there is no competition. But when the 
plants are aggregated so that the demand for energy or materials is 
greater than the supply, competition begins. There is not enough for all; 
the stronger suppress the weaker; the latter are dw^arfed or die as a result. 
Competition among plants goes on so quietly that it is usually unnoticed. 



Fio. 3.—Migration of weedy annuals, knotgrass {Polygonum) and peppcrgrass (Lepidium), 
into a tennis court the surface of which had been covered with clay. 

Of 10,500 plants of the great ragweed {Ambrosia trijida) that germinated 
and started growth in a single square meter of rich, moist soil, only 192 
survivfid at the close of the season. All but 1.8 per cent died in conse¬ 
quence of insufficient light for making food. None of the survivors 
was fully developed, for on such a small area there was really only enough 
light available for the best growth of a few individuals. 

When plants grow together and compete for the necessary factors, 
they profoundly affect or react upon the place in w hich they grow. Com¬ 
petition results in reactions. The area once so fully lighted becomes more 
or lees densely shaded. If it was w^et, the large amount of w^ater absorbed 
from the soil and lost through transpiration makes it drier. If it was 
dry, the accumulation of humus by the decay of dead roots, stems, and 
leaves adds to the water-retaining power of the soil. The dry area 
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gradually becomes moister. The vegetation checks the wind movement 
near the soil where seedlings grow. Owing to the shade, temperatute 
becomes lower and less variable, and the air contains more water vapor 
thto formerly, i.e,, it has a higher humidity. Moreover, the soil becomes 
richer, owing to the accumulated humus and the work of bacteria and 
fungi, and thus more favorable to plant growth. 

The changes in the area are manifold. The vegetation has such a 
profound effect upon it that conditions for plant growth become very 
different. While early invaders may be unable to survive because of 



Fiq. 4.—Grassland that has reached stabilization in eastern Nebraska on a soil similar 
to that in Fig. 3. Needle grass {Slijia) is the most important species; the bushy herb is 
the many-flowered psoralea. 

changed conditions and keen competition, others, which at first grew 
poorly or could not grow, now find the habitat favorable. Consequently, 
there is a shifting in the plant population as the developing vegetation 
modifies the environment. Shrubs may replace herbs in consequence 
of shading them, if conditions are favorable to their growth. Trees 
may be able to start under the shelter of the shrubs and, once fairly 
established, cause the disappearance of their benefa(;tors. But whether 
herbs or shrubs or trees will be the final type of vegetation is determined 
by the climate, since the habitat cannot be modified indefinitely. 

If the precipitation is meager and evaporation high, only enough 
water may be present for the growth of drought-enduring grasses and 
their associates. Such is the climate of the plains. In western Washing¬ 
ton and the mountains of Colorado^ conditions are favorable to the 







8 


PLANT ECOLOGY 


growth of coniferous forest which is the final stage of development. 
This is the highest type that the habitat can support under the present 
climate. The soil becomes no richer, the water content and humidity 
remain fairly constant, and light, also, is approximately the same. The 
vegetation is in equilibrium with its climate; it has become stabilized 
(Fig. 4). If it is cut or burned or the area otherwise partially or entirely 
denuded, the processes of migration, ecesis, aggregation, competition, 
and reaction, culminating in stabilization, are again repeated. Thus, like 
all organisms, vegetation arises, develops, matures, reproduces, and may 
finally die. 

In cultivated vegetation, man is the chief agent causing migration. 
He also determines the density of aggregation and fosters ecesis. More¬ 
over, the thoughtful grower of plants controls in a large measure the 
degree of competition by the rate of seeding and spacing or by thinning 
or transplanting. Since the reactions of the vegetation are modified by 
tillage and invaders largely kept down, stabilization is never reached. 

How Vegetation Shows Structure. —Vegetation, like all organisms, 
not only undergoes development but also possesses strin^tiire. The 
vegetation of a continent, sucli as North America, is not uniform through¬ 
out. Depending upon climate, it is difffTentiated into large natural 
units such as forest, chaparral, grassland, tundra, etc. The composition 
or structure of each type differs from the others. Each of these larger 
units of vegetation is called a plant formation. But no formation is 
uniform throughout its entire extent. Since the climate is different in 
various portions of the formation, differences in the vegetation oc^cur. 

A grassland climate dominates the region from tlie Missouri River 
through Nebraska, Kansas, and Colorado to the Rocky Mountains. 
Since precipitation, which is one of the most important climatic factors, 
decreases from 30 inches in the east to 15 iindies westw^ard, the true 
prairie in the region of higher rainfall gives way westward to the vegeta¬ 
tion of the mixed prairie. Likewise, the oak-hickory community occupiers 
the drier western portion of the deciduous forest. Such major divisions 
of a plant formation are termed associations. 

Practically all vegetation shows more or less strikuig differences 
every few feet. Differences in the habitat—here a little drier, perhaps 
owing to thinner soil, there a little wetter because of a slight depression 
or greater humus accumulation—are reflected both in the number and in 
the kinds of plants. Where these differences are continuous, as around 
swamps or ponds, the structure of the vegetation is clearly shown in 
zonation. A belt or zone of floating plants in moderately deep water is 
surrounded by the tall, coarse, marsh vegetation of the pond margins, 
and this, in turn, may be bordered by sedge meadow^ Forest margins 
usually exhibit definite zonation. The trees are bordered by a zone of 
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shrubs and the latter, perhaps, by grassland (Fig. 5). Zonation may 
result from excessive salt accumulation in depressions. The center of 
the area may be bare but bordered by zones of various halophytes (salt 
plants) in the sequence of their tolerance to salt. 

In any area of vegetation, usually only a little study is necessary to 
distinguish the controlling or dominant species. The others are either 
suhdominant or secondary. In a matun^ forest of beech and hard maple, 
one may occasionally find a white pine or red oak, but these are present 
merely because the area is not completely occupied by the dominant 
beech and maple in the shade of whicli they cannot grow. In more 



Fig. 5. —Zones of grassland, oak scrub, and pondorosn pine in Colorado. 


open forests such as ponderosa pine or bur oak, enough light penetrates 
through the dominant trees to permit a growth of shrubs and below these, 
in turn, grasses and herbs, while shade-enduring mosses and lichens occur 
on the forest floor. In fact, the presence and development of these 
species are controlled largely by the environmental conditions determined 
by the dominant trees. These various layers or vertical zones of plants 
are closely related to the decrease in light intensity from the primary layer 
of tree crowns downward. They are another expression of the structure 
of vegetation. Layering, although not so pronounced as in the forest, 
also occurs in grassland, and is characteristic of nearly all vegetation. 
It is revealed aboveground and among the roots as well. In cultivated 
vegetation it occurs when a nurse crop such as oats is sown with alfalfa 
or a cover crop in an orchard. 

Where conditions change abruptly instead of gradually and zonation 
is disturbed or incomplete, vegetation exhibits alternes. This is illus- 
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Fio. 6.—Alternation on north and south mountain Hlopea in Colorado. The north 
slope is covered with a stabilized forest of Douglas fir (Pseudotsuga), the south with oak 
scrub and scattered ponderosa pines. {Photograph by Q. E. Nichols.) 
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trated where shrubs or trees extend up a moist north slope or ravine but 
do not occur on the drier areas. A series of parallel ridge^s may each 
have one type of forest, e.g,, ponderosa pine on the warm, dry, south slopes 
and spruce or fir on the cool, moist, north ones (Fig. 6). Moss-covered 
rocks or wet sedge lands in an otherwise forested area not only show 
abrupt differences in the structure of vegetation but also, like the unde¬ 
veloped meristem in a mature root or stem, indicate an early stage in the 
development of that particular part. As time goes on, the meristem will 
become mature tissue, the rock will crumble to soil, the pond will be 



Fig. 8. —Society of daisy fleabane {Erigeron ramoaus) in prairie near Lincoln, Neb., late in 
June. It contributes a part to the summer aspect. 

filled and, like the area occupied by the rock, will support the mature 
stabilized forest. Final development has merely been delayed (Fig. 7). 

Vegetation shows structure not only in the general dominance, i.e., 
control of water, light, etc., by certain species, but also in local dominance 
by other species. In early spring in grassland, local areas are con¬ 
spicuous because of the abundance and vigorous growth of certain herbs 
which blossom and mature seed. Such societies may make maximum 
demands upon the habitat before the grasses overtop them. By early 
summer, spring societies are inconspicuous and other societies of taller 
species are locally conspicuous (Fig. 8). The appearance of the vegeta¬ 
tion again changes as summer gives way to fall. This adjustment of 
species to seasonal changes results in what are called aspects. It is 
another of the several ways in which vegetation shows structure. 





CHAPTER II 


METHODS OF STUDYING VEGETATION 

Structure and development of vegetation and the manner in which 
these are affected by the factors of the environment should be studied 
with the same care and thoroughness as are individual plants. Vegeta¬ 
tion readily responds to changes in the habitat. If the habitat becomes 
wetter or drier, better or more poorly lighted, etc., certain species and 
often whole groups of plants disappear and are replaced by others. 
Similar changes occur when vegetation is rtipeatedly mowed, grazed, 
burned, or cut as in lumbering.”’ In the adjustment to a modified 
environment, the entire composition and structure of the vegetation may 
be altered. Such changes are not only of much scientific interest but are 
also frequently of great economic importance. 

The object of range management is to produce the most valuable 
yield of forage possible and to harvest the crop through the medium of 
livestock in such a manner that the yield will be sustained from year to 
year.“® Also the cover is thus enabled to play its indispensable' part in 
the control of erosion and flooding. It is important to know whether 
the most valuable forage species are able to reproduce and retain their 
place under the degree of grazing imposed upon them or are being 
replaced by less valuable ones. I'o be sure, this may often be determined 
in terms of overgrazing indicators, but it usually is not done until the 
range has been depleted to such an extent that great loss in its grazing 
capacity and erosion control has been incurred.”* In reseeding over- 
grazed range or pasture land or in reforesting burned or cut-over areas, 
it is so important to know exactly how the herbaceous and tree seedlings 
are developing or to determine the cause of their failure, that exact 
methods of tracing the growth of the individual are in constant use.’” 
The rate of increase or decrease in the number of poisonous plants on a 
range or the rapidity of distribution of introduced weeds in a pasture can 
be accurately determined only by careful study. 

THE QUADRAT 

The quadrat is a square area of varying size marked off for the purpose 
of detailed study (Eg. 3). It is one of the many unit areas that constitute 
the whole. By the study of numerous quadrats a knowledge of the 
structure of vegetation may be obtained. In its simplest form, the 

10 
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quadrat is used in counting the individuals of each species to determine 
their relative abundance and importance. It is also employed to deter¬ 
mine exact differences in the composition and structure of vegetation. 
By its use, changes in the development of vegetation from season to 
season and from year to year may be followed and recorded in detail 
Although a quadrat includes only a small area of vegetation, it reveals 
the exact stru(;ture of this small part. It is impossible and, in fact, 
unnecessary to study the whole area with the same thoroughness. A 
number of quadrats, located with care in places that appear to be different 
upon careful scrutiny, will reveal the entire range of structure. The 
quadrat, like any other method, must be used with discrimination, and 
it should rarely be located at random, except in pure stands of a single 
species or where large numbers of quadrats are employed. 

Kinds of Quadrats. —Quadrats vary in both size and use. The size 
may vary from 100 squan^ meters to 1 square decimeter. The meter 
quadrat is used in grassland and most other herbaceous vegetation (e.gf., 
cultivated fields of the smaller cereals, forest floor, etc.). A square 
dccimet(>r is employr‘d in studying soil-forming lielums and mosses on 
rocks. Areas of 100 square inches, each square inch marked off sepa¬ 
rately, are convenient in studying the devc^lopment of seedlings(Fig. 
92). In woodland when trees and shrubs alone are considered or in fields 
wliere the plants are large or rather widely spaced (e.g., maize, cotton, or 
sunflowers), a major quadrat, f.c., an area of 4, 16, or even 100 square 
meters, is employed. 

Quadrats are also named with respect to tlieir use. The list quadrat 
is one in which tlu' species are listed and the number of individuals of 
each is counted. In the hasal-area quadrat the l)asal area occupied by 
each species is estimated or measured; in the dip quadrat i\m dry weight 
is ascertained. In practice, it is desirable to restrict the list quadrat 
to the first, whicli provides an actual census, and to term the others 
basal-area and dip quadrats^ respectively. Chart quadrats are those in 
which the position of each plant is accurately indicattid upon the chart. 
Permanent quadrats may be of either kind. They are distinguished by 
the fact that they are marked in such a way as to permit study from 
year to year. The denuded quadrat is a permanent one from which the 
vegetation has been removed in order that the manner in which the plants 
reenter may be followed. Frequently, the denudation is partial, only 
certain species being removed in order to reveal the course and outcome 
of competition or related processes. 

Marking Out Quadrats. —Strips of steel or hardwood, or cloth or 
steel tapes slightly more than a meter in length and a centimeter wide 
are used in marking out quadrats. These are furnished with small holes 
Jr eyelets a decimeter apart and the ten intervals between the holes are 
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numbered from left to right. If the second and last holes are 10.5 centi¬ 
meters from the first and ninth, respectively, the frame will then enclose 
exactly 1 square meter. The strips are held in position on the ground 
by means of sharp-pointed steel stakes with loops at one end (Fig. 3). 
Rigid frames of wood or steel may be employed; the space may easily 
be divided into 100 square decimeter areas by means of stout cord 





Fig. 9 . —Chart quadrat of area shown in Fig. 3. P, knotgrass (Polygonum avieulure). 
L, pepporgrass (Lvpidium virginicum); A, prostrate amaranth (Amaranthus blUoides); 
C, green foxtail (i^eiaria nrulU). The dotl<?d lines bound tlic areas occupied by the tops 
of the plants. 

In marking out a quadrat, the far and near tapes are always so placed 
that the numbers read from left to right and the side ones so that they 
read toward the observer. Care must be taken to make the quadrat a 
square. In making a chart, a fifth tape is stretched across the quadrat 
parallel to the tape on the far side and a decimeter from it. The loca¬ 
tion of the plants in this decimeter strip is then indicated on the chart. 
The outside tape Ls moved to the next interval, enclosing another deci¬ 
meter strip wdiifjh is likewise charted, and so on, thus facilitating the 
rapid and accurate mapping of the whole quadrat (Fig. 9). 
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List or Census Quadrat.: —This method consists in counting cither the 
number of plants or stems of each species. The total number of these in 
the quadrat and the ratio between species are then easily determined. 
This method is particularly applicable to such communities as western 
wheat grass, big bluestem, sand reed, ragweed, etc. In listing a quadrat 
it is usually desirable to start with the bottom decimeter row, winch ia 
marked off with a fifth tape, and work u])\vards. This avoids injury 
to plants by stepping or lying on tliem before they are chartwl. Each 
square de(;imetcr may be further bounded, if d(^siruble, by means of 
quadrat pins laid horizontally. Except in cjises of unusual difficulty, 
plants should not be brokem or pulled as they are counted. 

A series of 30 list quadrats (2 meters square) was systematically dis- 
tributed in a pasture under a continuous system of grazing and a similar 
series in one under a deferred and rotation system. These pastures in the 
wheat-grass {Agropyron miithii) type of mixed prairie had been moder¬ 
ately grazed for nine years. In the first pasture an av(»rage of 597 stalks 
of w’heat grass p(‘r quadrat was found; in the second 912, an increase of 
53 per (*ent. Th(» great- difference aj)peared to be dm? chiefly to the 
different systems of grazing. 

Data from 70 list quadrats on exposed soutl) and southwest and 
sheltered north and nort heast slopcss in the prairi(\s of eastern Washington 
revealed thv fact that the dominant wln^at grass (^1. fipicatum) averaged 
9 small bunches per square under on both slopes. A in^arly equal dis¬ 
tribution of the doniinant Festuca., 13 and 10 bunches, respectively, also 
occurred. Most of the subdominants, howev(T, showed a preferfUU'C 
for either one slope or tlic other, and some were confined almost entirely 
to either the nortli or south hillsides, '^^llie differencf^s in distribution were 
shown to be due to differen<*es in habitat, a much greater water contcMit 
and humidity prevailing on the nortlun-Jy sloj)es.'-'‘*^ 

In grazing studi(?s, list quadrats are often ijermanently located in 
pastures and also in areas protected from grazing. Usually, a record is 
kept from year to year of only the more important spetiies. In North 
Dakota, it has been shown that wliile certain of the best grasses almost 
entirely disappeared under close grazing, weedy lu'rbs, such as certain 
sages, which are not eaten at all or ordy when thci other vegetation is very 
sparsfi, were greatly increased. At the end of 5 years, they were five times 
as abundant as in ungrazed or normally grazed areas where they were 
held in check by the grasses. Not only had they increased in number but 
also in size and they soon became so abundant that the value of the 
pasture was greatly reduced.^®® 

The principle of the list quadrat is employed in estimating crop 5 rields. 
In a study of the smaller cereals, the average number of plants per 
square yard is determined; next, the number of stalks bearing spikes; 
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then the number of spikelets; and, finally, the number of kernels in spike- 
lets of average size. Such determinations in several places in the field 
permit forecasting the 3 rield with exceptional accuracy. Studies on the 
perccfntage of germination, rate of tillering under different conditions of 
soil, applications of fe^rtilizers, etc., are accurately made by means of the 
list quadrat. Similar methods may be used in studies of the eradication 
or control of weeds including poisonous plants such as loco weeds (species 
of Astragalus and Oxytropis)^ larkspurs {Delphinium), death camas 
(Zygadenus), etc., on western ranges. The list quadrat is also regularly 
used in making disease surveys which deal with the number of rust- 
infected plants or smutted heads of the cereals. 

Making List Quadrats. —Select representative places in novvly populated areas 
where the vegetation is not dense, such as weedy fields, gardens, or other disturbed 
areas. List all the species in the quadrats together with the number of each. Which 
species are annuals? Which ones have a longer life? Which is the most important 
and which is the least important species? Make a list of the kinds and numbers of 
weeds in the quadrats in a pasture. If jmssible, list the same quadrats again in 
spring or fall. 

Basal-area Quadrat. —Thi.s method consists in estimating or measur¬ 
ing the basal area afford(‘d by each species and by tln^ total basal cover of 
vegetation. The total basal cover or full density in a forest is equivalent 
to normal stocking. '^Phis in<»ans less living plant materials on poor soils 
than on good ones. Similarly, a full stocking of young stands will repre¬ 
sent a smaller mass of living materials than does full density for older 
stands. A (common means of expressing the degree of stocking or density 
of stand is the total basal area at a height of 4.5 feet,’^ This is deter¬ 
mined for each species and expressed as square feet per acre (liable 1). 

The maximum average I)asal area (density) in virgin stands of hem¬ 
lock and bemK)ck-be(*ch in northern Pennsylvania is about 200 square feet 
per acre.*'*'^^ For a virgin hardwood forest in southern Michigan, it is 
about 223 square feet,^^^ w'hile the average maximum jx^r acre in the 
cedar-hemluck-white fir tyf)e of northern Idaho is about 300 square 
feet.*‘-** The basal ar(?a in a forest (and consequently the volume) usually 
increases as the succession progresses towards the climax. 

In grassland, obviously it is, in general, impracticable to determine 
the basal area of each .stem or plant. Instead, the total area occupied by 
the species is determined in each square decimeter of a quadrat and this is 
recorded as percentage of the entire .square meter. 

In grassland and forest, but still more in desert, the control exerted by 
the community is only incompletely expre.s.sed by the per cent of basal 
cover. In true prairie, for example, it seldom exceod.s 20 per cent, and 
in certain types, as tall marsh grass {Spartina pectinata), it is usually 
less than 1 per cent, although the foliage cover completely obscures the 
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Tablk 1. —Nitubsr and Basal Area (at 4.5 Feet in Hsiairr) of Dominant and 
Codominant Trees in a Chehtnut-oae Forest in CoNNBCTictJT before and 
after the Ravages of the Chestnut Blight* 


Species 

1910—1911 

1924 

Trees 
per acre 

Basal area 

Trees 
per acre 

Basal an;a 

Nurn- 

bor 

Per 

cent 

Square 

feet 

Per 

cent 

Num¬ 

ber 

J’er 

cent 

Siluare 

feet 

Per 

cent 

Chestnut . 

i53.;i 

70.5 

64.18 

76.2 

0 

0 

0 

0 

Red oak. 

22.0 

10.1 

9 13 

10.8 

38.0 

28.6 

16.45 

42.2 

Chestnut oak 

22.0 

10.1 

5.25 

fi 2 

52,7 

39.7 

14.48 

37.2 

White oak.j 

9.4 

4.4 

1.97 

2.3 

9.4 

7.1 

2.07 

5.3 

Black oak.! 

2.0 

0.9 

0.82 

1.0 

3.3 

2.5 

0.94 

2.4 

Scarlet oak.! 

8.0 

3 7 

2.7.5 

3.3 

5.3 

4.0 

3.31 

8.5 

Sweet birch.! 

0.7 

0.3 

0 13 

0 2 

0 

0 

0 

0 

Red maple.| 

0 

0 

0 

0 

8.7 

6.6 

0.82 

2.1 

Whit (5 a.^h.' 

0 

0 

i ; 

0 

6.7 

5.0 

0.32 

0.8 

Hickorv.; 

0 

0 

1 0 i 

0 

6.0 

4.5 

0.29 

0.8 

Sugar maple. 

0 

0 

0 1 

'. JL 

2.7 

2.0 

0.26 

0.7 

Total. 

217.4 

100.0 

84.23! 

i 


132.8 

100.0 

38.94 

100.0 


KciTfiitiiiu >iiid Stir.kcl, 1027. 


soil. The ess(*ntial control in grassland (»an he adi^jiiately expressed 
only in ti'rins of leafy sliools of crowns in relation to competition for light 
and (^specially of root systems in relation to water content of soil. 

In using this type of quadrat, the basal vovvv of the (mtire vegetation 
in each square decimeter is first deti^rmined. In grassland, estimations 
are made at or near the soil surfaei*, and until sufficient (^xpc^rience and 
accuracy have been gained in judging the cover, a frame may be employed 
to divide the square decimeter into a number of equal parts. However, 
an error of one unit in a decimcder square results in an error of only 0.01 
of a unit in the total for the whole quadrat. The basal cover furnished 
by each species is also determined in a similar manner. The sum of the 
percentage cover for the 100 determinations of each species is then 
asirertained and expressed as a percentage of the total basal cover— not 
the total area of the quadrat. The total basal cover, of course, is the 
sum of the partial covers of the several species. The data thus obtained 
give all the necessary information, in terms of area occupied and distribu¬ 
tion, for each quadrat.®^^ 

By this method it has been determint*d that the total basal cover in 
the little-bluestem (Andropogon ncoparius) type of true prairie averages 
15.3 per cent. This is an average from 138 quadrats (Fig. 10). Little 
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bluestem furnishes 55 per cent of this total, big bluestem (A. furcatua) 
24.8 per cent, bluegrass {Poa proiensis) 4.7 per cent, and forbs 4.1 per 
cent. Seven other species contributed all but 1.5 per cent of the remain¬ 
der.®’® Where grazing results in replacement of the vegetation by the 
sod-forming short grasses {Buchloe and Bouteloua)^ the total basal cover 
increases to 50 to 80 per cent, which is similar to that in many short- 
grass areas of the Great Plains. 

In open vegetation of semiarid and arid regions, the square meter 
may be divided into only 25 unit areas.’®® Frequently only the more 



Fid. 10.—Basiil artjfi (above) of little bluestem, Andropogon wopariun, (horizontiil 
hatch), other tufted KruHHeiJ (black), and iBoluted Btemn of or forbs (dots). Half of 

another square meter (below), showniiK the basal area of needle Krass, HHjta sjtartea (vertical 
hatch). Total basal areas are 17.4 and 8.7 per cent, respectively. 

important siiecies are listed s(*parately and the remaindfT considered as a 
group. Often the basal cover is determined at a height of an inch above 
the soil surface, which ajiproximates the level of grazing. The method is 
widely used in range and pasture studies.”- 

Where the basal area occupied by eacli species is measurc^d in each 
unit area of the quadrat, a listing ruler or listing square is employed. 
These are calibrated to give the area directly when the average diameter 
of the bunch or sod mat is determined (Fig. 'pjjp areas are 

expressed in square centimeters or square inches instead of ])ercentage. 
The number of isolated stalks and seedlings is also counted. The total 
area occupied by these stems may be calculated from mea.surements of 
the basal area of representative samples of each sp(:)cies. Totals of each 
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species in the quadrat are then secured. Vegetation consisting of small 
clumps or mats may, perhaps, be>st be measured by the listing ruler or 
square; in rather open tyi)es of grassland also, this method is very UpSeful 
Bunch formers, such as certain species of Agropyron^ Stipa, Balsaniorrhiza, 
etc,, have been recorded over a period of years ui the semiarid northwest, 



Fici. 11.—Listing ruler showing area seale in square eentiinoters uscmI in determining 
basal area of prairie dropsccd (Sporolnfluti hfieroirpis). The average diainoter of the buiieh 
is 10 centimeters and the basal area SO s<iuare ceiilimeters. * 

where plots 5 by 5 meters in area w(»re listed in 1 liy 5 meter strips.®®'^* 
In this method, mea.surements replace estimates and in tabulation the 
data are less complicated. Information is had on the density of each 
species, the total density, the number of plants of each species present, 
and the size of each plant growing on the plot. 

Basal-area Quadrat. —Select nn area where some type of bunch- or mat-fonning 
vegetation ia not too dense, such as needle grass (Stipa)^ dropsced (Sporobolus), or 
little bluestem {Andropogon)^ or a bimeh form of wlieat grass {Agmvyron). Deter- 
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mine baaal area of each Rpecies in a square meter and calculate the total basal 
area of the veftetalion. It may be desirable to clip a few bunches of each species 
H or 1 inch from the ground so that the basal area may be more clearly seen at this 
level before working in the selectcjd quadrat. What are the chief facts you have 
learned in this study? 

Ill forests, larger quadrats or sampling areas are required. Basal 
area is a measurement of a timber stand by the use of which the errors 
peculiar to measurement by volume are avoided and by which a more 
adequate picture of the timber is provided than by diameters alone. For 
these reasons it is in wide use.®"* A basal area of 103 square feet per acre 
in a 21-year old stand of white pine in New England, for example, was 



Fio. 12.—Clip quadrat in the shori-srasB plains of eastern Colorado. 


reduced to 57 square feet by a combination thinning and improvement 
cutting.® 

Clip Quadrat. —This method consists in securing the oven-dry weight 
(100-1 lO^^C.) of each species clipped at tlie soil surface or at a height of 
one or more inches.Tlie total weiglit of the vegetation and the weight 
of that furnisluid by each sfiecies in tlie quadrat are as(;(‘rtaiiied. This 
method not only constitutes a good basis for showing the ndationships 
between spt^cies of different growth form, but also gives the forage produc¬ 
tion by weight. Two cliyipings may be necessary in order to secure 
plants of early spring as well as those of late summer. 

In experimental pastures, clip quadrats are used in which the vegeta¬ 
tion is cut near the soil surface or at various heiglits to simulate different 
degrees of grazing (Figs. 12 and 13). This differs somewhat from the 
actual manner in which the forage is removed, since grazing animals pull 
and break off flower stalks and leaves neither uniformly nr>r at the same 
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level. The natural preferences of livestock for certain species and at 
certain stages of development result in patchy rather than imiform 
grazing. Moreover, the effects of trampling, natural rescHiding of the 
area, and the accumulation of litter are not the same as under natural 
grazing.^^® Despite these differences, clip quadrats are useful to show 
just how much forage is removed under different systems or degrees of 
stocking, as well as how closely the importajit palatable plants may be 
grazed without impairing their growth, ^^go^, and future productivity. 
They also disclose the forag(i yield each year over a period of years, 
variation in the yield between spc^cies, relation (,'f yield to soil moisture, 
and probable trends in plant succession under different degrees of 

utilization.260 



Fla. 13.—Average decrease in the production of natural vegetation per square meter, 
proceeding westward from eastern Nebraska to custern Colorado.®"^ 

In the mixed prairie of Nortli Dakota, the clip metlnxl was employed 
to determine the jicriod of most active growth of th(^ different sjiecies and 
the effect upon growtli of the frequent removal of the vf^getation as in 
close grazing. At eaeh eliiiping the vegetation was weighed and the 
proportional weight afforded by each of the more important species was 
determined. It was found that four speci(*.s produced approximately 
half of the forage and that, among these, blue grama {Boutelotm gracilis) 
produced a fairly uniform growth tliroughout the year. Needle grass 
{Stij)a comata)y like most of the others, gave a light yield toward the 
close of the season. Two species of sedges (Carex) produced the most 
abundant growth very early in the spring, but the yield rapidly became 
less with the oncoming of summer. Needle grass disappeared in direct 
relation to the frequency of clipping, but the growth of grama gra.ss and 
of sedges in less degree was stimulated by moderate clipping; these 
persi.sted, although in a much weakened condition, in quadrats where 
practically all the other vegetation had disappeared.^*" This striking 
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difference in the response of mid grasses and short grasses is to be ascribed 
to the fact that clipping removes a much larger proportion of leaves from 
mid grasses. 

By the use of similar methods, it has been found that the ranges of 
the southwest are often seriously depleted by prairie dogs, which not 
only eat much the same kinds of grasses as the cattle and in the same 
order of preference but also in large quantities.®®^ However, there is 
considerable evidence that prairie dogs and other rodents really prefer 
forbs, a fact correlated with their increase under overgrazing.®®® 



Fi(j. 14.“ -Development of wheat srasH and disapprarance of buffalo eraa8 (loft) after 
3 ycarR of protoetion from grazing, and persistence of buffalo grass (right) where the cattle 
have reached over the fence and grazed. 

The most important objects sought in the rev(*getation of native 
pastures are a continuous, vigorous growMi and ample seed production. 
Clip and grazed quadrat studies in the Blue Mountains of Oregon and the 
Wasatch Mountains of Utah liavc shown that the removal of the herbage 
several times in a sciison, esj>ecially if the first harvest is made a few 
days after growth has started, seriously weakems the plants and imme¬ 
diately decreases their forage production. For example, plots harvested 
once each season just before seed maturity yielded more than five times 
as much forage as those from which the vegetation had been removed four 
times during the year. Moreover, plants in the latter quadrats became 
so weakened from starvation that they failed to produce flower stalks 
and viable seeds.^®® The applications of these results to grazing practice 
are evident”* (Fig. 14). 
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Frequent and early cutting of alfalfa may for a short, period increase 
the yield, but this occurs at the expense of food reserves. The \igor and 
productivity of alfalfa growing in fertile soil were greatly reduced, w^i^ed 
infestations auginented, and both summer and winter mortality of the 
plants accentuated by frequent and early removal of the tops.®®®-®*® 

Frequency-abundance Quadrat. —This method necressitates the use of a large 
number of (^ll^iflrats, 30 to 50 fomiiioiily being studied. They are soinetuneiii 0.5 
square nieier or less in area. They are located e<tuidistMf!t along several lines extend¬ 
ing acTOss the area for sUidy, often several rods apart. Frequency is expmssed in 
percenlMgc calculated by diviiling the mimbor of quadrats in which a species occurs 
by the total number employed. Thus, if a species occurs in 25 of 50 quadrats, it has 
a frequency of 50 per cent, hut frequency alone has very little significance. 

For each quadrat an estimate is made of (lie abundance of each species according 
to soiiic selected scale. For example, run' 1 to 4 stalks or plants per quadrat; 
iiifn^qurmt = 5 to 14; frequent = 15 to 29; abundant - 30 to 99; and ti’ery abun¬ 
dant ~ 100 and over. Average abundance is then calculated for each sptHues l)y 
adding the abundance valiK's and dividing by the nuinher of quadiats in which the 
species oecurre<]. For example, a forb may ]>e presctit in 4 quadrats only, with 
fibundiitiee estimates of /, F, and A. By adding the numerical values assigned to 
eacli of these letters a<!(!ordiiig to the scale /? = !,/= 5, F - 15, A = 30, and 
FA ~ 100, a sum of 05 is olit jiim'd. Since the forb occurred in 4 quadrat s, tlie average 
abmidafice is 05 divided by 4, or 10.2. An index ruimber of t he frequency-abumlanee 
of each specicjs on the (‘nlire an^i is then stMtured by multiplying the frequency by the 
average .slmndatice, n'.c., 8 (per cent) by 10.2, which equals 1.3. For the doiuinant 
species tlif^ frequency-abundaiK^c might be 80 to 100. Various modifications of the 
general method have been employed. 

Tli(* freqiicney-abvmdauet! quadrat is given as an example of methods 
that ha\'e eome into some use during the last deeadt' or two, primarily 
by the plant so(*iologisls of Europe. The original methods have now' 
l)een largely abandoned, and there is likewdst* muc^h doubt whether tlie 
more recent on(>s hat^e sufficient value to justify the labor involved in 
the statistical calculations.The application of statistics to the 
composition and density of a plant community is l)ased upon the assump¬ 
tion that species are distributed througli it by clianco, i.e., at random, an 
assumption that appears probable in very few’ cases, sufdi as a pure stand 
or family in a habitat exceptionally uniform. It has been shown that 
frequency depends so much upon the size of quadrat employt^d as to be 
without value by itself, and it necessarily invalidates abundance to a 
high degree wdien the two are combined. In dynamic ecology, dominance, 
siibdominanee, and subordination represent the primary numerical and 
process relations of component species, and serve as the proper basis for 
describing coiiiinunities, measuring yield and reaction, and tracing 
changes in composition and structure. 

In order to secure these values as fully and accurately as possible, 
it is neeessary to (*oinbine several methods, such as exclosure, process 
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grid, and permanent quadrat, and preferably also the isolation transect, 
as described on following pages. The detailed measures and records are 
obtained by means of overhead views at the upper level of the community 
and of the basal area, after the quadrat is clipped, to which is added a 
bisect photograph. From these may be gained definite and objective 
determinations of total weight as well as the weight of each dominant 
and subdominant and similar records of height, density, volume, and 
basal area. All tliis presupposes the use of the list method and of the 
permanent quadrat for tracing changes from year to year or from time 
to time. 

Chart Quadrat. —The chart quadrat is employed when a graphic and 
detailed record of vegetation is required. The position of each plant 
within the square meter and the areas occupied by bunches, mats, or 
tufts of glasses, mosses, etc., are determined and recorded upon a chart. 
This forms at once a record of the present structure and a basis for deter¬ 
mining future changes. 

The vegetation is mapped on coordinate paper, a square' decimeter 
in size, to a sc^ale of 1:10. Wtiere the vegetation is dense, consisting of 
a great numb(T of individuals in a small area, a larger scale is often more 
convenient, one of 1:5 usually being suflRtnently large. Tlie (!hart is 
made on i)aper ruled to square centimeters and each square decimeter of 
vegetation occupies 4 square centimeters on the chart. In making 
quadrats of forest trees, the scale is 1:100 or 1:500. In this case, tlie 
chart remains the .same size but it represents a greater area. 

Mapping is l)egun at the farther left-hand corner of the chart after 
the fifth tape has been fastened in place. The plants in the first square 
decimeter of the quadrat are indicated in their relative? positions in the 
first square centimeter on the chart. Individual plants are indicated by 
a single letter, usually that beginning the generic name, except where two 
or more begin with the same letter in which (?ase two letters may be used 
(Fig. 15). The number of st(uns from one root is indicated by an exponent 
with the proper initial unless the stalks are far apart.. 'J^lie areiis of 
0.5 square centimeter or more occupied by tufts, mats, or bunches of 
grass, mosses, and large rosettes are outlined and may be indicated by 
hatchwork. Smaller ones are shown by dots. Dead centers of clumps 
are outliiic^d by broken lines, and the peripheries of shrubs are projected 
upon the ground and indicated by dotted lines. When the first decimeter 
strip is completed, unless a rigid frame is used, the upper tape is moved 
to enclose a new decimeter strip, and this is repeated until the quadrat is 
finished. It is often desirable to start with the bottom row and work 
upward, thus avoiding injury to the plants. If a photograph of the 
quadrat is to be made, this should be done before the vegetation is dis¬ 
turbed. Data obtained from quadrats should be compiled as soon as 
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possible and in such a way as to be readily available for analysis and 
study,®®^ 


Making a Chart Quadrat.—Select an area where the plants are rather widely 
spaced and chart a square meter of the vegetation. After the method is learned, 
typical meter quadrats of grassland, forest herbs, and w^oody seedlings or offshoots, 
etc., and major quadrats of forest trees should be plotted. In the latter, indicate the 



Fig. 15.—Quadrat in an overgnized pasture near Lincoln, Neb., where the mid grasses 
have largely been rei)]iicod by hufTalo grass. Charted June 11, 1924, of the first season 
of protection from grazing. Left hatch {BucfUoe daciyloideB); A, wheat grass (Agrojtyron 
amithii); S, dropseed (Sporoholus aaper); So, wolf berry {Symphoricarpos occidetUalis) , the 
exponent being the height in inches; V, speedwell {Veronica j>eregrina). 


diameter of the trees by an exponent following the initial. Write a concise statement 
as to Avhat information each quadrat gives about the vegetation of the parti(!ular area 
in which it was made, and draw comparisons between the various communities. 


Certain modifications of the chart method are often desirable depend¬ 
ing upon the object to be attained. Sometimes it is sufficient to deter¬ 
mine the area occupied by the more important forage species only. In 
such eases, bunches or mats of the two or three dominants are charted 
without reference to subdominants. This may usually be done in only 
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a fra(jtion of the time necessary for making a complete chart. Similar 
studies in the management of certain forest types suc^h as reproduction of 
aspen from roots and stumps may be followed with little reference to 
herbaceous vegetation.*^® 

Pantograph-chart Quadrat. —^This method recjuires the use of a 
pantograph and a planiineter. The pantograph is especially valuable in 
accurately reproducing the outlines of mats and tufts of vegetation and 
in locating individual plants where vegetation is not too dense. It con¬ 
sists of a low stand and pantogra|)h arms. Two men arc necessary to 
0 ])erate it, but only one need have a kiiowl(*dgf? of the vegetation (Fig. 



Flu. 16.—Making a pantograph chart of blue graiiui grass. 


16). The operator guides a pointer about the peripliery of tufts and 
bunches, etc., and their size is automatically reduced to scab?, often to 
one-fifth, and reeorded in exact po.sition upon the record sheet. The 
planimeter is an instrument which automatically records the size of an 
area when its boundaries are traced by the needle. It is u.s('d in deter¬ 
mining the area occupied by each species shown on the chart, as well as 
the area of the bare soil. 

Changes in the cover of mixed prairie vegetation during the great 
drought of 1934 have been studied intensively by means of scores of 
permanent quadrats.®’^ The pantograph-chart method was used in 
mapping the vegetation before, during, and after the drought (Fig. 17). 
In the little-bluestein type of mixed prairif?, Andropogon scoparius 
suffered losses of 50 to 87 per cent where it was ungrazed, and 66 to 96 per 
cent under moderate grazing. The best type of short-grass sod, wdiere 
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70 to 90 per cent of the soil was covered, showed losses of only 10 to 20 
per cent where protected from grazing, although certain native forbs 
entirely disappeared. Losses in the open type of ungrazed short grass 
on poorer soil, where the basal cover is normally only 20 to 30 per cent, 
were 70 to 80 per cent. Where the short-grass cover had been greatly 
depleted in 1934, numerous small areas of living plants occurred through¬ 
out the quadrats.®^“ From these sprang stolons of buffalo grass which 
rapidly reclaimed the bare areas during the moist spring of 1935.'^®^'^®'* 


12 34 56789 10 



Fig. 18.—Same quadrat aa ahown in Fig. 15, but charted on May 25, 1925. 

Permanent Quadrat. —‘Any quadrat may be made pt^rmanent by 
marking precisely the position of the original one. This should bo done 
very carefully by means of placing stakes at the intersections of the tapes 
in the upper left- and lower right-hand corners, just outside the quadrat. 
Since wooden stakes are not permanent and easily destroyed, %- or 
inch round iron pegs, 12 inches long, may be securely driven into the 
soil so that they scarcely protrude. If the ends are blunt, domesticated 
animals will not be injured should they chance to step on them. A tall 
wooden stake securely placed a few paces distant from the iron one where 
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mapping is started, will help in relocating the area. It should not be 
placed too near the quadrat since it may attract animals and result in 
unwonted trampling or grazing. The stake should be definitely located 
with reference to natural or artificial landmarks in order that it may be 
easily found upon successive visits, since permanent quadrats are usually 
charted annually over a long period of years. 

Permanent quadrats may yield much information even in a single 
year and often in a few^ wrecks (Figs. 18 and 19). For example, counting 
and relisting the species in any waste area in spring will usually reveal 
marked changes in short periods of time. Permanent quadrats in 
grassland or forest show^ striking changes as the season progresses. By 
their use a complete rec*ord of the prevernal (early spring), vernal (spring), 
estival (summer), and autumnal as'pects of vegetation is sec\,ired. Species 
in flower or fruit are indi(*ated by a horizontal line through the symbol, 
wiiilc a vertical line indicates a seedling. 

Permanent quadrats rechartc'd year after year in originally bare areas 
give tlie complete story of development. The fate of s('edlings, the time 
required for the survivors to mature and produce seed, the method, rate, 
and suc('ess of vc'getative propagation, as well as the length of life of the 
individual, make an intenvsting story. Oiu' can set‘ liow^ the plants have 
; follow the invasions of new migrants; trace ecesis; gain much 
information about competition and how' it results in the appearance of 
new speci(‘s and the di.sap])(‘aranc.e of others; with proper instruments, 
determijie the changed conditions within the habitat resulting from 
reactions of the devehjping vegetation; and finally, discover how it all 
ends in stabilization. Pcuinanent quadrats in the path of retreating 
glaciers in Alaska are yielding many data on all these processes and 
should reveal much of the history of glaciated parts of those states that 
w^re once covered wdth the ice sheets. 

Quadrats in such dynamic areas as sand dunes, river bars, or flood 
plains, or on the border line or ecotone between two plant communities, 
such as shrub and grassland, often show" remarkably rapid changes, and 
many of the principles of ecology are illustrated by a comparison and 
interpretation of the charts from x>ermanent quadrats. The initial 
stands and resulting percentages of certain grasses and legumes from 
year to year under different methods of grazing are determined in this 
^^ay.398.259 Permanent quadrats have also been used successfully in 
studying composition and change in submerged aquatic vegetation.^*® 

The importance of a knowledge of the life history of the indi\idual and 
under what conditions the seed will germinate and the seedling become 
established cannot be overemphasized. Forests are composed of indi¬ 
vidual trees and ranges of species of grasses and other herbs, all of which 
must germinate, grow, mature, and reproduce unless vegetation is to 
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disappear. By studying these communities and the way in which they 
are affected by various degrees and t 3 rpes of grazing, a system of man¬ 
agement has been worked out for native grazing lands. By means 
of this system they have been fully revegetated and the range main- 



Fio. H).—Quadrat as in Fig. 15 rharted on .lime 4, 1920. Left hateh or B (Buchloc 
dadylaides), the exponent indirotcs the number of stems or unit clumps; A or unhatched 
area, wheat Harass {Agrojiyron smithii); horizontal hatch or P, bluegrass {Poa praiensis); 
Ps, panic grass {Panicum scrihni^ianum); rest of legend as in .Fig. 15. 

What WftB the dominant apecien in 1924? Count the number of wheat graan Biems in the three lower 
Towi of quadriilB I( Fig. 15) and 2, and ralciilule the pereentage inrreane under protection. Determine 
the perceiitnge inereafie in the rest of the quadrat. Compare the percentage of the area dominated by 
bufTalo graM in 1924 and 1920. I’rom how many of the unit arcuB has bulTalo grasB been shaded out? 
Ib it losing its hold elsewhere? Are any of the other apecien of importance? Has the wheat grass 
inere.ased its abuiidanee in the four upper deeimeter rows during the 3 years? Will the future vegeta¬ 
tion in this quadrat he mid grass or short grass? 

tpiiied in a high state of productivity without the loss of the forage crop 
for a single year or the presence of a forest-fire risk as a result of the non- 
removal of the lierbaceous vegetation.'^®® 

Results in reforestation are scarcely less marked. An exact record 
of the fate of the tree seedlings, losses due to rodents, winterkilling, frost 
heaving, damping-off, etc., can be had only by a detailed study of repre- 
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Bentativc areas. Changes in the development of the herbaceous and 
shrubby vegetation by which one group of plants replaces another, a 
process called plant succession^ and the effects of this on the tree seedlings 
are studied in detail. Such knowledge is indi>ipensable to the proper 
management of the forest.®®* 

A Study of Permanent Quadrats. —Select and permanently mark out quadrats in 
one or more of the places suggested in the prectHling paragraphs, or very carefully 
rechart permanent quadrats where the previous composition of the vegetation has 
been recorded. These sho\ild be visited and recharted onco or in(»rc each year, the 
several charts studied and compared, and explanations suggosted for the changes 
that have taken place. 

Denuded Quadrat. —It is frequently desirable to remove the vegeta¬ 
tion by burning, flooding, or gtmerally by a more profotind disturbance, 
such as removing the surface soil with its roots, rhizomes, seeds, etc. 
The })ermanent quadrat thus becomes a denuded one. In partially 
denuded quadrats, only certain species of grasses and forbs are removed 
or a portion of tlie area denuded. Denuded quadrats iiiay be used in 
experimental sowing or planting and are especially desirable in connec¬ 
tion witli artificial regeneration. It is a ndialde method of determining 
rate of invasion arnl establishment of vegetation on l)adly depleted ranges; 
quadrats may be placed in areas entirely or nearly denuded by grazing 
animals. 

The practices of burning pastures and rangers has l)een widespread, 
in order to render green feed available earlier in the s|)ring, to destroy 
wi^ods, and to get rid of old vegetation on an'.as so lightly grazed during 
the previous season that there is danger of poor grow’th and uneven 
utilization. The expedieney of this procedure has Ix’en investigated in 
Kansas by means of denuded and clip quadrats. The experimental 
plots wTre burned annually either in late fall, early spring, or late spring, 
and other areas were fired on alternate years. This vsias done when th(^ 
soil w'as moist, in order to avoid too great injury to rootstocks and crowns 
of plants. Each burned area (contained an unburned control plot. 
Yields from large samples of mature vegetation wTre obtained by clipping 
in early October. 

It WHS found that burning decreased the yield of vegetation. The 
yield was least on plots burned late in the fall and intermediate on those 
burned in early spring, while that from the plots burned in late spring 
most nearly approached the yield of the controls. Over a period of 
6 years, the yield averaged approximately 48 j^er cent more than that 
of the plot burned in late spring, and 88 per cent more than the plot 
burned in late fall. A thorough analysis of a large numlx^r of meter 
quadrats listed three or four times annually showed that the plant 
population was greatest on plots burned in late fall and least on those 
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burned in late spring. Plots burned in late fall and early spring also had 
a greater number of plants than the unburned plots. 

The greater population of the fall-burned plots resulted mainly 
from an increase in the number of stems of Andropogon scoparius. While 
late burning in fall caused a successional trend in favor of the little 
bluestem, in plots burned in late spring the change was toward the coarser 
grasses, mainly A, furcatus.^^'^^'^ Poa pratensis increased on all the 
unburned plots but was either decreased or eliminated in all the burned 
ones. Elsewhere the burning of bluegrass pasture has also been found 
to be harmful.*®^ However, quadrat results in burned areas of chaparral, 
mesquite, and some sagebrush show that fire tends not merely to maintain 
the scrub but actually to increase it at the expense of the grasses. The 
effects of forest fires, burning brush land, and disposal of slash after 
lumbering as well as the growth of subsequent vegetation upon the 
reproduction of the forest, are all studied with a high degree of accuracy 
by the quadrat nu^thod.®^^ Clip quadrats have also been used in studying 
the production of submerged vegetation. 

Since growth of twigs of shrubs occurs mainly from terminal and 
lateral buds, a different method of determining the relationship between 
the extent of grazing or browsing of the current season \s growth and the 
subsequent plant vigor must be employed. The method of removing all 
or part of th<' current growth by clipping has been employed. If the 
total twig growth accessible to livestock is eaten year after year, ulti¬ 
mately the shrub will lose its vigor and slowdy die. But if a portion of 
the tw'ig remains there will be several buds unharmed from which renew^ed 
growth may occur the following year. In such studies the green and dry 
weights of leav('s and twigs are also determined.®®* 

Method of Photograph Charts. —While the charting of quadrats by 
hand or by pantograph is regularly in use;, the camera has been (employed 
for a numV)er of y(?ars and promises to become a general method when its 
marked advantages are recognized. Chief among tliese are its enormous 
saving of time, increast*d accuracy owing to elimination of the personal 
equation, and a visual record in three dimensions (Fig. 20). A fourth 
feature that may prove equally important is the possibility of enlarge¬ 
ment up to a m(d.er or more; in the case of enlarged negatives, two 
successive photographs may be suiwrimposed and illuminated, thus 
permitting the direct demonstration of changes in composition and 
density. If a large camera is utilized, such wa a 6.5- by 8.5- or 8- by 
10-inch size, the details are sufficiently clear so that the film negatives 
may be su^H^rimposed without enlargement. Another advantage is 
seen in the fact that a ruled screen may be placed just in front of the film 
and thus do away with frames or tapes. Color plates may be used for 
certain purposes. 
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A simple and inexpensive apparatus for overhead photography consists of a light 
wooden arm that screws on to the tripod and carries a tilting camera top at the free 
end. For a 4- by 5-inch camera, t his arm is approximately 30 by 6 by 0.5 inches and 
is sufficiently Ipng to bring the lens directly above the center of the quadrat. For the 
most convenient operation, a wide-angle lens, such as Baui^rh & Ijonib Protar, series V, 
is desirable, since this enables one to focus on a meter quadrat at a ground-glass 
distance of about 3 feet. A larger camera may be used with the regular lens, or a 



Fio. 20.—Overhead photograph of balsatnroot {Balsamorrhizd), etc., at Logan, Utah. The 
total area within the grid is 3 square meters. {CourUny of B. Maguire.) 

standard with heavy base is utilized for moving the camera to the height required. 
A stcpladder with eanicra arm also serves as a crude but fairly satisfactory device 
(Fig. 21). By varying the equipment or height, a milacre quadrat may bo brought 
into a 4- by 5-inch size, and even larger areas may be covered. It is obvious that an 
airplane photograph is merely an overhead view on a grand scale. 

Kinds of Quadrats to Employ.—The investigator will discover that 
each of the methods has certain advantages and disadvantages. The 
results secured by one method of listing or charting are not comparable 
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to those secured by any other method. The purpose of the quadrat 
and the nature of the vegetation are major factors in determining the 
method or methods to employ.*^'’^^® Likewise, the time required for the 
different methods is an important consideration. If the purpose is to 
determine changes in the vegetation from year to year, various kinds 
of permanent quadrats may be used. It is far better to make a few chart 
quadrats carefully than a large number hastily. If the vegetation con¬ 
sists chiefly of large and well-defined mats or bunches, a combination 



Fio. 21.—InRxpcnsive apparatus for overhead plioiography. {Photography courtesy of Soil 

CoHservalion Service .) 


of the pantograph-chart and list method inay l)e very desirable'.'’®* If it 
consists chiefly of smaller areas or a mixture of small clumps or mats and 
species witli single or fc^w stems, then the basal area combined with the list 
method appears to be preferable.®®® 

The best size of quadrat to use is also a matter of importance. It 
should be large enough and enough quadrats should be made to give 
reliable results. These factors vary with the typ(> of vegetation. Studies 
in the mixed prairie dominated by wheat grass have shown that the most 
suitable size in this tyfX' of vegetation is one not less than 1 square meter 
in area and preferably 2 square meters lying arljacent to each other. 

In scrub and chaparral, a milacre (4 .square meters) is the most convenient. 
Investigations in deciduous forest indicate that areas of 4 square meters 
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are the loost suitable size where the forest vegetation is analyzed as a 
unit. Smaller quadrats are desirable for herbaceous layers and lar(^r 
ones for trees.In a quantitative study of the weed flora of arable land, 
it has been determined that the meter quadrat is a more efficient unit 
than similar areas 5 meters long and 0.2 meter wide, or 6 squares, each 
0.2 square meter in area.^^'*^-* 

THE TRANSECT 

It is frequently desirable to know just hr)w vegetation varies with 
changing environment, such as is caused by slope exposure or other 
irregularities in topogra[)hy or soil, or to determine how oJ\e community 
of ])lants gives way to another. This may best be ascertained by a 
transect, which is a coutijiuous narrow strip that gives a cross section of 
the vegetation. Transects ar(^ indispensable in studying zones, nlternes, 
and transitions of all kinds. They are always made at right angles to 
the extension of the zotios or ecotones. 

Belt Transect.—The belt transect is a strip of vegetation of uniform 
width and of considerable length. Th(^ width is largely determined by 
the character of the vegetation, just enough being included to reveal 
its true structure. In close lu>rbaceous vegetation, the usual w'idth is 
1 decimeter, but it varies from 1 to 10 meters in woodland. The 1-meter 
transect is employc.'d if the shrubs and seedlings of the forest floor are 
included, but if mature trees only are mapped, the 10-niot(fr transect 
is best. The length of the transect is d(^terminf‘d by its purpose. It 
may l)e made permanent by marking the boundari(\s at intervals w'itl) 
stakes. In staking a belt transect in grassland, two tai)es ar(^ employed 
to mark out the strip of desired width. The distance between them is 
uniform throughout, and they are held in place by quadrat stakes. The 
plants are recorded as for the chart quadrat, except that an interval of a 
centimeter is left betwc'en tlie successive portions of tlu' strip in order 
that th(jy may be cut and pasted or readily (’opied on a sheet showing 
the topographic outline. This should be drawm to scale. 

The belt transect show\s a definite range of vegetation, and by making 
it jx^rmanent and recharting at suitable intervals, changes in the vegeta¬ 
tion along the line of the transect may be readily detected and measured. 
The factors causing the differences in the plant cover should also be 
determined wherever possible. The limits of zones may be shown on 
charts of belt transects by single cross lines. 

Portions of a transect in the prairie of eastern Nebraska extending 
from the top of a gravelly hill to its lower sloj^e are shown in Fig. 22. 
Because of differences in soil and slope exposure, marked differences in 
vegetation occur. The grama grass on the cre^t is the same species that 
is so abundant in the dry, short-grass plains; the bunch grasses on the 
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upper slope indicate a less arid situation 
and, like the bluestems of the lower slope, 
are typical of great expanses of grassland in 
eastern Nebraska, Kansas, and Dakota. 

Transects are used in determining the 
influence of trees upon, other plants, 
especially as affected through water con¬ 
tent and light. About the roots of 
ponderosa pines in Arizona, for example, 
the soil is drier and the vegetation much 
sparser than in soil where roots are not 
present. Conditions for reforestation are 
thus modified within a radius of 30 to 40 
feet from the trees and even beyond the 
zone of root activity.®®* Transects several 
meters wide, extending from \^dndbreaks 
composed of rows of trees into fields of 
cereals, alfalfa, and other crops, reveal a 
decreased production in the area of root 
comixititioii and shade. If the transect is 
extended beyond this, however, the 
beneficial effects of the windbreak are 
usually shown in the yi(dd being increased 
to an amount that more than compensates 
for the loss near the trees.However, 
this influence usually disappears at a 
distance of 6 to 12 times the height of the 
tre(?s. 

Making Transects.—-Make a belt transect. 3 
to 5 meters long at right angles to the zones 

Fia. 22.—Portions of a trunsect 1 derimeter wide 
(each 2 meters long) from the top of a steep hill (left), 
from its southeast slope (center), and from its base 
(right). The gravelly loam at the top, with a water 
content of 5 to IS per cent, is dominated by blue 
grama {Hautdoua uTacHih) , also common on the Great 
Plains. The sandy loam half way down the slope, 
water content 13 to 30 per cent, is dominated by 
needle grass (Slipa) and June grass (Koderia), both 
characteristic of upland prairie. The silt loam soil at 
the foot of the slope and only 200 feet from the hilltop, 
with a water content of 17 to 40 per cent, is dominate 
by the bluestems {Andropogon) which require more 
water. A, western ragweed (AmbroEia psUostachyd); crosshatch, blue grama {Bouidoua 
gracUut): H, sunflower (Hclia7Uhu8 rigidus); S, dropseed (Sporobolus asper); St, needle grass 
(^ftpa apartea); Br, slender grama (Boutelouaeurtipendula); K, June grass {Koeleria cridata); 
Bh, hairy grama (Boutelaiia hirauta); horizontal hatch or P, Kentucky bluegrass (Poa pra~ 
tenaia); right hatch or As, little bluostem {AThdropogon acoparius), loft hatch or Af, big 
bluestem {Andropogon furcatua): An, Indian grass (Andropogon nutana). 
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about a pond or including the transition area (ecotonc) between two different 
communities such as scrub and woodland, etc. Locate areas where the vegetation 
changes abruptly due to differences in slope, depth of soil, grazing, burning, or for 
other causes, and mark out and plot a belt transect of appropriate length and width. 
Belt transects 5 to 10 meters wide and including only the trees should be plotted from 
the top of a forested, steep hill or bluff to a flood plain below, including a part of the 
latter. Point out the differenct^s shown by the transect, indicate the doininaiits in 
each area, and suggest reasons for the change in structure. 

The transect or strip method is commonly used in studying forest 
trees. These transects are often 1 chain (66 feet) wide and are run along 
parallel lines established with compass and tape witliin the area when the 
study is begun.The trees are divided into size classes and only those 
of larger size (4 inches or more in diameter breast high, t.c., 4.5 feet) are 
counted, measured, and recorded on the transects. The tally should 
be kept separately for each 0.1-acre plot or chain length along the lines. 
The numbers and kinds of smaller trees are detennined over smaller 
areas, pierhaps only one-tenth as great, and a larg(' numtxT of meter 
quadrats are employed in studying the lierbaceous and shrubby vegeta¬ 
tion. Milacrc (piadrats are often used; these are 6.6 feet on a side and 
contain 4 square meters. If they are distril)uted at 0.5- or 1-chain 
(33 or 66 feet) intervals along parallel strips 2.5 to 10 chains apart, 
they give a sample of 0.1 to 0.8 per cent of the total area. This has been 
found to give satisfactory values for percentage of area stcxiked and 
average number of seedlings jier acre.'’**" Size classes are arbitrarily 
selec'ted depending upon the vegetation: 

Size ('Ilahs Dehignation Stzb 

1. Small reproduction. 0.0 to 0.9 foot high 

2. Medium reproduction. 1.0 foot high to 0.9 inch D.B.H. 

3. l^rge reproduction. 1.0 to 3.5 indies D.B.H. 

4. Small trees. 3.6 to 9.5 inches D.B.H. 

5. Ijarge trees. 9.6 inches or over D.B.H. 

The abundance and frequency of the dominant trees, the nuinbers of 
size classes in which each species is representcnl, and the basal area of 
the dominants in square feet per acre are usually determined. These 
data for each species may be shown by means of Lutz’s ph 3 rtographs 
(Fig. 23). 

The phytograph makes possible the graphic representation of several 
measurements simultaneously, thereby furnishing an integrated picture 
of the relationships between the several measurements. Though it 
gives an impression of “mass effect” of the several factors, yet any par¬ 
ticular factor is readily isolated for study. The method is valuable not 
only in studying the status of the various species composing the forest 
type but also in comparing different types of forest.^’® Phytographs 
niay be used in comparing other data concerning plants or modified for 
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direct comparison of evaporation, wind movement, etc., in different 
habitats or change in the stand, site factors, and growth of trees resulting 
from thinning, selective cutting, etc.® 

The belt-transect method has been used very successfully for recording 
the composition of tropical rain-forest and especially for commercially 
important trees. The belts are of sufficient width (66 feet) and fre¬ 
quency (1.25 miles apart) to include 1 p(^r cent of the area.^^^ Jn fact, 
the method lias long been used by American foresters, although they 
make an optical estimate of the width of the area cruised and record the 
number and size of merchantable trees instead of mapping them. 

STANDARD HEMLOCK BEECH 

QOQ 

HEMLOCK BEECH WHITE PINE YELLOW BiRCH 

Fin. 2.'{.— PhyloRraphs of the nioHt important spec-ies in the hemlork-boeeh forest 
(upper row) iincl hemlock forest (lower row) in north-central PeiinBylvania. AO = per 
cent ahundunce (each division representn 20 per cent). BO = per cent fret]uency (each 
division reiiresenta 20 per cent). CO = number of size classes represented (each division 
rcipresents a size class). DO = basal area in sipiaro feet per acre (each division represents 
40 square feet of basal area). {After L-uiz.) 

Isolation Transect. —These transects are frequently used in grazing 
experiments. They usually consist of two strips, each 300 feet long and 
20 feet wide with a protected strip between as a control (Fig. 24). One 
is grazed, the other ungrazed. In the major installation on the Santa 
Rita Range Reserve in Arizona, the length is 1,100 feet, comprising two 
50-foot strips, one protected against cattle, the other against cattle and 
rodents, wiiile the control units occup}'^ the middle lengthwise. At the 
end of each year, one unit of ungrazed area is opened and one of the 
grazed units closed. Hence, after a few" years, a history of the developn 
ment of vegetation as affected by 1, 2, 3, or more years of grazing may 
be seen, as w^ell as its development for a similar series of years under 
protection. Thus, the influence of climatic cycles in terms of annual 
variations in density and volume may bt^ measured. The central strips 
of these transects may be protected against cattle only or much better 
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against both cattle and rodents. Experimental exclosures of various 
types have been established in all the grassland associations during the 
past decade. In conjunction with A^arious types of clip, burned, and 
seeded quadrats, they have been of great value in confirming field 
interpretations.*®®'®^^ 

In reseeding depleted ranges, exclosures 15 or 20 
rods long and 1 or 2 rods wide are sometimes 
maintained. These plots, which are usually located i 926 

in an open wind-swept area, are heavily seeded and the 
seed carefully worked into the soil. Under favorable? 
rainfall, the resulting cover produces a good seed crop 1928 

ill a year or two; the seeds find lodgment on the 
adjoining depleted areas and in two or three seasons 
young j)lants may be seen radiating from these central 
colonies.”’* 


EXCLOSURE AND ENCLOSURE 

These are practically identical in as much as they 
are f(*nced areas of varying size and shape.*®® The 
primary difference between them is reflected in the 
terms, the exclosure keeping out one or more six^cies 
of animals and the enclosure restricting th(?m to a 
definite area. In this respect, any pasture is an 
enclosure, but technically it qualifies as such only as 
definite experiments or checked observations are 
carried out in it. The chief purpose of the exclosure is 
to provide protection against plant-eating animals, 
mainly stock and rodents, and thus permit experi- 
mental study of the processes of natural recovery or 24.-'-i8ola- 

artificial regeneration. The enclosure as a pasture tion transect con- 
affords the opportunity of determining carrying “nit”G°citMdfrom 
capacity, and the course of overgrazing, as well as a pazing on the years 
scale of overgrazing indicators. It is also employed 
to measure the coactions especially of rodents and F; and a serios of 
grasshoppers upon native species. wro 

Exclosures for protection against cattle are usually opened for grazing 
from 1 to 10 acres in extent and are best fenced with cated^ 
steel posts and four to five strands of barbed wire 
(Fig. 25). Those against rodents are much smaller, usually less 
than an acre, owing to the smaller size of the animals and the greater 
expense and labor of fencing these with hardware cloth. In the original 
installation on the Santa Rita Range Reserve in Arizona, each exclosure 
contained two units of equal size, the one “cattle-proof,^' the other "total 
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protection/^ excluding both large rodents and cattle. In the case of 
mice and other small rodents, birds, or insects, cages of fine-mesh hard¬ 
ware cloth are employed. In grazing experiments, the series of enclosures 
is well illustrated by those at Mandan, N. D., in which the respective 
sizes are 30, 50, 70, and 100 acres, each pasture stocked with 10 head of 
cattle^*® For the detailed study of rodent effects upon cover, enclosures 
rarely need to be an acre in size, and 50 to 200 feet square are preferred 
dimensions. The fencing must completely exclude the one or more 
species to be studied, a purpose that demands sinking the netting or 



■Fig. 26.—Exclosure transect established by the Soil Ct)nseTviifion Service in overgra.zed 
mixed prairie near Colorado Springs, Colo. 

hardware cloth a foot or two in the ground and pro\iding a strip of tin or 
galvanized iron to prevent climbing over. 

In order to express tlu^ results secun^d by exclosurcs and enclosures in 
quantitative terms and to employ them in regulating grazing and direct¬ 
ing recovery or regeneration, the extensivt^ use of quadrats and exptm- 
mental plots or grids is imiwrative. The grid is a series of rectangular 
plots placed side by side, with or without a buffer strip, and designed to 
furnish evidence as to the course and outcome of the various proceases 
to which the particular cover is subject, A complete series will include 
one or more plots devoted to clipping, burning, eroding, denuding, pull¬ 
ing, scraping, grubbing, and sowing and transplanting in pure stands and 
comp<?ting mixtures. They include measuring runoff and erosion where 
slope is concerned, but a single process or any combination may be selected 
in accordance with the set of conditions or the objectives sought. 
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The plots have be^n as small as 1 square meter, but rectangles 1 by 3 
meters or 2 by 6 meters, or often much larger, yield more repn?sentative 
results. In effect, each is a short transect of pt>rmanent quadrats, to be 
staked, charted, and averaged in evaluating the ictual or potential role 
of the processes concerned. In the case of clipping to simulate gracing, 
the yield of forage is not merely measured and analyzed, but the effect 
of time or season, frequency and intensity upon sixicies and life forms is 
likewisM^ determined. Life forms in particular exhibit quite unlike 
responses to the season and severity of burning, and burn plots are indis¬ 
pensable to the initiation of projects that invol>e the eradication of 
weedy annuals, such as bromes, half-shrubs like burroweed and snake¬ 
weed, or taller shrubs, sagebrush, et(\ Grasses not only* respond in a 
different manner from forbs as to clipping and grazing, fire, and com- 
V)etition, but tall, mid and sliort grass(‘s, sod forms and bunch forms all 
behave differently under these processes. Denuded plots are helpful in 
anticipating the rate and course of sex^ondary succession in abandoned 
fields, and sown or planted ones have even greater usefulness in indicating 
the methods to be employed wherev('r it is desirable to luisteu or rcq)la(te 
the natural processtvs of successioji. 

THE BISECT 

The structure of vegetation with regard to the relative height and 
lateral spread of plants and the interrelation of one plant to the other is 
important. It is equally essential to understand tlu‘ rc'lative position, 
dej)th, and extent of underground parts. Such information may l)e 
gained by the use of the bisc^ct. It is essentially a line transe(.*t along 
which a trench lias been dug to a depth great(T than that of the deepest 
root systems. The underground parts such as rhizomes, corms, etc., as 
well as the roots of each plant, are isolated and the position and extent 
of each carefully measun^d and plotted to scale on coordinate paper. The 
whole root system, so far as it can be represented in one plane, may 
drawn, but if the vegetation is at all dense, only that part occurring in the 
first 4 inches of the trencli wall need be represented. This method 
reveals the form of the root systems of different species and shows their 
relationships to each other and to different layers of soil, etc. Without 
an exact knowledge of these facts, an understanding of the structure and 
economy of a plant community is incomplete. While tlie Ixdt transect 
shows the structure of vegetation in two dimensions, the bisect supple¬ 
ments this by showing the third®^ (Fig. 26). 

It is often unnecessary to chart the root system of ('very species. Fre¬ 
quently the dominants alone will suffice. It is best to measure and draw 
or photograph the shoots to scale first, for they are often more or less 
disturbed while excavating the parts underground. The work of making 
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Pio. 26.—Bisect in mixed prairie at Hays in west-central Kansas. Each square is 
: foot in length. Buffalo grass on the right; Bg, blue grama grass; Ap, wire grass {Arialida 
ptirffurea); and Aps, western ragweed. The large legume in the center is Psoralea tenui- 
fttrra. (AfUr F. Albertson,) 
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a bis»ect chart is usually lengthy and laborious and especially so where 
deep root systems are involved, but the results obtained fully warrant its 
use. A few examples will best reveal its value. 

On the Great Plains, under 17 inches animal rainfalls great differences 
in the type of vegetation are found on level lands within a radius of a 
few miles. Certain areas are covered with the short buffalo (Buchloe) 
and grama {Boutehua) grasses, others with tall bunches of bluestem 
{Andropogo7i) and other herbaceous vegetation, wiiile certain areas are 
characterized by extensive grow^ths of wire grass {Aristida), a sjiecies of 
intermediate height. Bisects revealed the fact that the short grasses 
grow ill silt loam so compact that surface runoff frequently causes the 
loss of over one-third of the precipitation. Usually, the surface 12 to 18 
inches of soil alone are moist, and alisorption by grass roots is largely 
confined to this layer. But in the sandy soil where the bluestem growls, 
practically all of the rainfall is absorbed, the soil is moist to di'pths of 
4 to 5 fi^et, and to this depth it is penetrated by the deep roots of the tall 
grasses and other herbs. In the semisandy wire-grass areas, water 
IHvnetration and root depth are intermediate. 11ms, the causes under- 
l 3 nug the distribution of the three communities wc're clearly revealed 
and much information made available for an intelligent understanding 
of the beliavior of crop plants when growm in thes(‘ areas. 

Bis('cts have been made in fields of the smaller cereals in loam soils 
from the Missouri Riv(n‘ to the Rocky Mountains and in three grassland 
communities. Westward, with decreasing rainfall, the plants are much 
sliorter and the roots decrease in length from about 7 feet to approxi¬ 
mately 2 feet. The i)lant.s, moreovcT, show a strong tendem'iy to grow 
in clumps or bunches, in this respect resembling some of the natives 
grasses which form a sod in moist situations but grow^ in bunches in dry 
places. 

Vegetation in the AVasatch Mountains develops from a mixed grass 
and weed stage, dominated by needle grass iStipa) and yellowbrush 
{Chrysothamnus)^ into a growth of the sod-forming wheat grasst^ {Agro- 
pyron). Why the yellow'brush gives way to the wheat grass is clearly 
revealed by the bisect. The dense sod formed by the roots and rhizomcfl 
of the wheat grass and the consequent vigorous absorption pr«>vents the 
moisture from jienetrating deeply. The deeply rooted yellowbrush, quite- 
unfitted to compete with the grasses in the surface soil, succumbs as a 
result. This illustrates the course of a plant succession which is of much 
economic importance. AVheat grass produces a large amount of forage 
and is especially well suited to the grazing of cattle and horses. Close 
grazing tends to destroy the wrheat-grass cover and permits the growth of 
the needle grass and yellowbrush as well as a consideraWprvarietv of 
palatable weeds that are associated with these and valuable 
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for grazing by sheep and goats. Thus, the range, once the history of its 
vegetation is understood, can be held by judicious management in the 
most desirable stage of its development.’^^ 

Bisects through the dense mass of vegetation in a swamp show, for 
example, that cattails {Typha)^ arrowheads (Sagittaria), and smartweeds 
(Polygonum) secure light at different levels and that their rhizomes and 
roots occupy different levels in the soil.®^® 

Three rather clearly defined root layers are evident in prairie. Some 
sjKJcies absorb entirely from the surface foot or two of soil. Others 
extend their roots to depths of 3 to 5 feet, while some nongrassy herbs 
are branched but little in the surface foot or two but absorb water and 
solutes from depths between 2 and 15 feet. Clearly, a shallow-rooted 
grass and a very deeply rooted wild rose are carrying on their activities 
rather independently and with very little competition although they may 
grow on the same square foot of soil. The principle applies quite as well 
to cultivated crops as to natural vegetation. 

CAMERA SETS OR TRISTATS 

In temperate climates, the study of veg(‘tati()n must be largely made 
during the growing season and tijne is often the limiting factor. The 
tristat method consists of repeatedly photographing the same area of 
vegetation. Three stakes are driven into the ground and one leg of the 
tripod placed on the top of each. The picture is taken in exactly the 
same direction each time with the camera at the same height. It gives 
a record of the develo])ment of the vegetation throughout the season and 
from year to year.^“°'*‘^'* Such photograi)hs are not only quickly made 
but also bring out characteristics and illustrate features that do not lend 
themselves readily to description or measurement. The improvement of 
depleted range lands, for example, is marked by the appearance and 
spread of certain palatal)le species. Con^"ersely, the deterioration 
caused by overgrazing is marked by the disappearance of these species 
and a simultaneous increase in weeds. These clianges may take place 
80 gradually that even the trained investigator must have permanent 
records for comparison. They are best followed by permanC^it quadrats, 
but photographs showing the density and character of the vegetation 
are highly valuable.By obtaining such a series of photographs from 
plots representing the area as a wdiole and by comparing them, a pano¬ 
rama of the change may be brought before the eye.*’** 

The method is readily applicable in tracing the spread or decrease of 
poisonous plants, weeds introduced from centers of infection, shrubs 
introduced into grassland, rate of deterioration of fields of alfalfa, clover, 
or other crops, revegetation of denuded or bare areas, and, indeed, most 
of the phenomena concerned wdth a dynamic study of plants. 
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RING COUNTS 

The age of a tree, shrub, woody vine, or half-shrub and sometimes 
that of an herb may be determined by counting the annual rings of the 
aerial or subterranean stems. In many plants, such as pines and spruce, 
the annual growth is marked not only by the bud scars but also by the 
whorls of branches. Many valuable data may be obtained in regard to 
the general climate as indicated by rate of growth as well as in regard to 
local environment under which the plant lives. The method of ring 
counts is important in determining the successive stages of developing 
vegetation and especially the sequence of dominants and subdominants. 
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Fig. 27.—Cross suctions of three 20-year-oId bur oaks from typical oak forests along 
the Missouri Iliver. The largest, 4.5 inches in diameter, is from southeastern Nebraska 
where the precipitation is 33 inches; the smallest, 2 inches, from northosatern Nebraska, 
precipitation 23 inches; and the second from an intermediate station. The trees were 40, 
25, and 18 feet high, resi)ectively. 

Trees usually invade grassland under cover of xeric (dry-habitat) shrubs, 
and other species, including shnibs, follow the trees betjause of their 
ameliorating effect on climatic conditions. Where trees overshadow 
shrubs on forest borders and doubt arises as to the sequence of invasion, 
ring counts, usually reveal that the more xtiric shrubs were the pioneers 
(Fig. 27). 

It is sometimes of great importance to know the age of newly built 
islands, sand bars, or flood plains. Ring counts afford a reliable method. 
In 1919, 100 years after a treaty with Spain had fixed the south bank of 
the Red River as the boundary line between what are now" the states of 
Oklahoma and Texas, oil was discovered underlying certain lands which 
had apparently been added to the south bank by deposit but possibly 
by a change in the courses of the river's channel. A dispute between the 
two states followed, involving millions of dollars. Each claimed the oil 
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lands. It thus became necessary to establish with certainty just where 
the south bank of the river was located 100 years earlier. By counting 
the rings of numerous and well scattered elms and other trees in the 
valley, as well as by a study of the rate at which the vegetation on the 
flood plain developed to a stabilized or climax condition, it was found that 
the oil lands had been on the Texas side of the river for more than 100 
years.*®^ 

The close relation between actual rainfall and that calculated by 
means of the yearly growth rate of trees is shown in Fig. 28. Marked 
resemblances are found in certain individual rings over a wide range of 
the country in which climate is the only common factor. Thus, excep¬ 
tional smallness in one ring (formed in 1851) has been found in trees 
over an area 750 miles wide, being shown by sequoias in California, 



Fig. 28.—Actual rainfall (broken lino) compared with rainfall calculated from growth of 
trees in Arizona. {After Douglass.) 

ponderosa pines in New Mexico, and Douglas firs in Colorado. By a 
study of cross identification of ring groups bounded by growth rings 
formed during years of marked peculiarity, it has been possible to tell the 
date when trees were felled.The records of ponderosa pines in the 
southwest have been extended back in a continuous series to 11 a. d. by 
the aid of beams from prehistoric ruins. 2 *^ They have made possible the 
dating of lOO ruins (pueblos and cliff dwellings) scattered over northern 
Arizona and New Mexico and the southern edges of Colorado and Utah. 

During 1918, an enormous seed crop of ponderosa pine on the Colorado 
plateau was followed by a year of precipitation unusually favorable to the 
growth of the seedlings. This coincidence had not occurred before for a 
period of 25 years. It will result in the repopulation of the area by an 
even-aged forest.®“’®^^ Ring counts in even-aged Douglas-fir forests of 
Oregon and Washington give us the date of previous burns and that of 
the new growth resulting. From ring counts on sagebrush and other 
desert shrubs, it seems clear that reseeding takes place only periodically 
and during especially favorable years (Fig. 29). 
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Fiq. 29.—tteprodiiction cycle of Engelmann spruce (Picea engdmanni), in Colorado 



Fig. 30.—Section of a tamarack tree from a Minnesota swamp. Because of poor aera¬ 
tion in the wet peat it had reached a height of only 10 feet in 49 years. The swamp was 
drained in 1918, indicated by x, after which the tree grew 10 feet higher in the 7 years 
before it was cut down. {After Zon.) 
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In measuring width of annual rings, several precautions need to 
be taken. Trees growing in well lighted, constantly moist habitats 
show a complacent growth, with rings all or nearly all the same size. 
Those growing with a limited water supply are more sensitive to rainfall 
and the ring width varies widely. A suppressed tree may, moreover, 
have smaller rings in a favorable season than a dominant one in a poor 
season.®^ Where poor aeration and not water is the limiting factor to 
growth, as in beech trees in central Germany, the annual rings are widest 
during dry years (Fig. 30). Occasionally, a double ring is formed, when, 
for some reason (e,g., frost, caterpillars eating the leaves, etc.), growth 
is interrupted and again resumed during the same year.®‘^ Double rings 
frequently occur in certain warm climates, as in Arizona, with two seasons 

of rainfall. Further, it must be re¬ 
called that the growth rate of trees 
decreases with age. The ponderosa 
pines of the dry Colorado plateau of 
northern Arizona have been shown, 
when corrections have bec^n made for 
these factors, to represent the rainfall 
with an accuracy of 85 per cent.-*"'^ 

In practice, stumps resulting from 
lumbering or clearing are usually 
available in woodland, but often the 
^ ^ ^ ^ trees must be feUed as needed. The 

Fig. 31. —Increment borer and core . i • i 

inches long from 27-year-old oak. increment borer, which removes a 

small core of wood from circumference 
to center without injuring the tree, obviates this difficulty (Fig. 
31). Since trees often grow more rapidly on one side than on the other, 
if better lighted or watered, borings should be made in two radii. The 
holes should be closed with wooden pegs driven firmly into the tree, to 
prevent infection by fungi, etc. A study of annual ring width has been 
made on oaks in Missouri,beech in Indiana,'**^* long-leaf pine in 
Florida,®^- eastern hemlock in New England,*®® and western white pine in 
Idaho.”® 

Determining the Age of Woody Plants.—Examine the stumps in a cut-over area. 
Are the trees of even age, i.e., did most of them start at nearly the same time after 
a previous cutting or fire? Making allowance for the growth of the seedling to the 
height of the stump, in what year did the group (or a particular tree) germinate or 
start from sprouts? Is the width of the annual ring about the same for the different 
trees of the same species? Compare the rate of growth of those on a hilltop and in a 
ravine. Are there any rings that are especially narrow or wide? What was the date 
of this dry or wet year? Does any tree show narrow rings abruptly followed by 
wider ones such as would occur if it were suddenly better illuminated as a result of 
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the falling of an older tree? Examine a mixture of young ti^es and tall ehrubs, 
and determine if poseible which were in possession of the area first. 

In standing timber, employ an increment borer to determine the age and width 
of rings of a densely shaded (suppressed) tree and a well lighted one of the same species 
or of one growing in a dry habitat and another equally lighted growing in a moist one. 

THE BURK SCAR 

Much information about the life history of a forest may often be 
obtained by a study of scars caused by fire. Not only the time of the 
fire but also its severity, the direction from which it came, and the 
extent of the burned area may be ascertained. Surface fires ,which 
usually consume only the grasses and other herbaceous vegetation, may 
lesult in ground fires that bum more slowly down into the litter and mold, 



Fig. 32. —Section of the heal edge of a douhle>burn scar, furnishing the dates of two suc¬ 
cessive fires. Long’s Peak, Colo. 

often following tree roots underground. They are much hotter and 
usually kill all trees and other vegetation.*'^^ Often they are limited to 
a few acres in exteiit.^'*^ Crown fires rac^e through the tops of trees 
at a high rate of speed, killing practically all vegetation in their path 
and usually leaving the soil in a sterile condition.®**® 

Fires leave their traces on the woody plants perhaps as bark scars, 
more often as wood scars, and, especially on the edges of burns where the 
fire has died down, as heal scars, i.e., wood scars that have healed over.®®* 
The time of a fire may be determined by counting the number of rings 
of wood put down since the burn scar was formed. Sometimes the bum 
scar may be double or even triple and thus give the dates of successive 
fires (Fig. 32). The direction from which the fire came is revealed by the 
side of the trees which was burned, and the extent of the area burned is 
coincident with the trees bearing scars, unless the fire became more 
destructive and killed all of the plants. In such areas, it is necessary to 
determine the age of the oldest trees, shrubs, and herbs, both standing 
and fallen, which have come in since the fire. If the growing season 
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was not over when the fire occurred, root sprouts will show one more 
annual ring than trees and perennial herbs starting from seed which 
germinated the following spring. In order to secure the first annual 
ring of trees, it is necessary to cut the seedling or sapling at the ground 
line or even below the ground line on steep slopes. 

Burns have a pronounced effect upon the composition and develop¬ 
ment of a forest. In the coniferous forests of the west, especially at 
high altitudes, they are almost invariably populated with lodgepole pine 
{Pinus contorta murrayana). a forest weed tree which grows very rapidly, 
reproducing by seed at the age of 6 to 12 years and dominating the area 
until other pines, firs, or spruces grow up and shade it out. Repeated 
burns may result in an area being rather continuously occupied by 
lodgepole pine, a very inferior commercial type of forest. This is the 
cast? in much of the Rocky Mountain Park region, where at least 13 
burns have been determined as occurring b(?tween 1707 and 1905. The 
cambium of trees with thin bark like the white cedar (Thuja plicata) is 
much more easily killed by heat than a tree with thick bark like tamarack 
(Larix occidentalis). Differences in fire-resisting qualities of various 
shrubs also occur. Hence, a fire may greatly change the compositioii 
of a forest both by direct destruction of part of the plants and by altering 
the environmental conditions, especially light, for invaders.”**** The origi 
nal structure may often be determined by a study of adjacent, similarly 
located, unburned areas. That the history of the past aids in the present 
methods of forest management and their relation to future development 
needs scarcely be indicated. 

THE RELICT METHOD 

In ecological usage, a relict is a community or group of plants, rarely 
an individual, which has been left behind by the disappK?arance or modi¬ 
fication of an earlier vegetation, usually a climax. They may have 
survived climatic change and accompanying migration of the climax, as 
illustrated by oak-hickory forest in Texas and Oklahoma in a present 
grassland climate. Even more numerous are the relicts due to general 
disturbance by man in the form of clearing, fire, overgrazing, draining, 
etc. The pine woods of the coastal plain regularly exhibit relicts of the 
original deciduous climax, while today grasslands are nearly everywhere 
disturbed areas in which only fragments of the primitive cover still 
persist. Likewise, fragments of vegetation characteristic of swamp or 
bog may clearly indicate a former wet area. 

The relict method combines observation, scrutiny of scientific reports 
and records, experiment and interpretation, but its essential feature is tlu- 
search for areas continuously protected against disturbance. In grass¬ 
land, such areas are found more or less continuously along fenced 
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railways (and frequently along urifenced ones also) in spite of an increase 
in burning and cultivation; they are common features of highways not too 
much widened and recur as hayfields and iii cemeteries, schoolyards, 
rocky hiUs, and other situations somewhat withdrawn from grazing or 
cultivation. Forest exhibits a similar genera] relation, but logging and 
fire have destroyed the primeval stand in all but the most remote valleys 
or coves, or in national parks and similar reserves. With respect to 
climatic relicts, sand is one of the chief equalizers, because runoff is almost 
nil and loss by evaporation is greatly reduced by a mulch of dry sand. 
Tall grass has persisted for thousands of years in the extensive sand hills 
of Nebraska and Kansas, and deciduous woods even longer in the sandy 
soils of Oklahoma and Texas. The surrounding hard land supports 
chiefly mid and short grasses. 

Scientific reports and herbarium specimens that antedate the period 
of general disturbance by man are invaluable in determining the presence 
and composition of the original climax. The report on the forests of 
North America for the Tenth Census bears witness to the nature and 
extent of the pine-hemlock climax before the greater y^ortion of it had 
l)een logged off.^^^* The Hayden surveys of the western territories ren¬ 
dered a similar service in connection with the mixed prairie, and the 
photographs leave no question of the earlier dominance of mid grasm^s. 
Tlie advance of the tall Andropogons over much of the true prairie is 
attested by scientific accounts of its composition, written fifty to a 
hundred years ago,*^®'’®^ and similar records as to the Pacific prairie of 
("alifornia are likewise in existence. 

Experimental proof that relicts belong to an existing climax is most 
readily secured in grassland by moans of exclosures against grazing and a 
considerable number of such demonstrations have been made, in the 
mixed prairie especially. This proof is reenforced by the evidence from 
clip quadrats that mid grasses, notably Stipa^ disappear under frequent 
cutting, while short grasses and sedges are much less affected. Because 
of their longer life span, similar evidence is difficult to secure in forests, 
but it is not impossible when fire and logging can be eliminated. 

Once the relict nature of a particular community has been determined, 
it is a simple matter to explain its origin and role in most instances of 
disturbari(;e. In fact, the explanation is supplied by the proof itself 
when it is obtained by means of exclosures and competition cultures. 
However, the most convincing demonstration is that afforded by isola¬ 
tion transects in the mixed prairie, where one series of annual units is 
being reclothed with mid grasses at the same time that the other is 
grazed down to short grass. Even with shrubs and trees, the final out¬ 
come of the competition between seedlings of the dominants may be 
forecast from a quadrat study extending over 5 to 10 years. 
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THE METHOD OF POLLEN ANALYSIS 

From the relict as a living indicator of past events in climate and 
vegetation, it is but a short step to fossil leaf, stem, or pollen grain and, 
from these, to the fossil animals that lived upon plant food. The subject 
that deals with the climaxes and climates of the past is called paleoecology. 
It is obvious that it has to do with the same causes and processes and 
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P'lG. 33.—Pollen diagram of an Ohio bog. Depth in feet is shown at left and percentage 
scale at top. Proportions of the four genera, fir (Abiee)^ spruce {Picea), pine (Pinua), and 
oak (Quercua)^ are shown at each level as they occur. Any remainder is designated as 
‘‘mixed deciduous," and is composed mostly of hickory (Carya), birch (Betula), and other 
deciduous trees. It has been variously estimated that 200 years arc required to form 1 to 
12 inches of peat. The sequence of vegetation with change of climate appears to have 
been fir-spruce, spruce-pine, pine-oak, and oak-mixed deciduous forest. {Redrawn from 
Seara.) 


much the same materials as present-day ecology, and equally evident 
that the one is incomplete without the other. However, for our purpose 
it is sufficient to discuss briefly the microfossils or fossil pollen, which 
supplement relicts in furnishing a picture of the immediate past.^^^*^®*’®^®* 
This method of pollen analysis has recently come into general use wherever 
peat bogs are found and there is some evidence that it will have wider 
applications.®®^ 
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The technique of pollen analysis comprises the following steps: 
(1) collection of samples from different depths or layers in peat bogs, 
swamps or alluvial deposits; (2) preparation of material for examination; 
(3) identification of pollen grains; (4) calculation of percentages; (5) 
expression of results in diagrams or spectra. In America, collections are 
made usually with a Davis peat sampler at regular depth intervals of 
6 inches or so, the number of complete cores being determined by the 
size or nature of the bogs.®®® A small sample for treatment is taken from 
the middle of each segment and boiled in 10 per cent potassium or sodium 
hydroxide, or other macerating solution.®'-*® ®®® This may be done on a 
slide, or larger portions may be treated and centrifuged; in either case 
the material may be stained as desired and mounted permanently. The 
tree pollens are those of most significance and for the most part these 
are readily identified. As a rule, 100 to 200 grains from each of two or 
more slides are counted and the amount for each genus is given as a per¬ 
centage of the total tree pollen. The fluctuations in amount for each are 
then expressed by a vertical curve or as shown in Fig. 33. 

Though there are several sources of error in pollen analysis, notably 
as to quantities and their expression, the general values are high, and 
the method is an indispensable adjunct to those of climatic seres, climax, 
and succession, chiefly of course, for events during postglacial time. In 
Sweden and northern Europe generally, the major outcome has been to 
verify the earlier evidence of climatic pulsation and the mass migration 
of climaxes, though it has reduced the number of stages from five to 
three. In North America, a similar modification of views has taken 
place and the later opinions are in harmony with the European.®®®'®"* In 
accordance with this, postglacial time is divided into three periods, 
respectively, of rising temperature, maximum warmth, and falling tem¬ 
perature, marked by corresponding shifts of boreal, pine, and hardwood 
forests, with an accompanying invasion of the prairie climax from the 
west during the warm-dry maximum. 


EXPERIMENTAL VEGETATION 

In the study of vegetation, many problems arise as to the causes of the 
particular plant distribution and the resulting structure. Measurement 
and comparison of the factors of the habitat usually throw much light 
upon the probable causes, but the answer can be made positively and 
decisively only by trying it out with the plants in question.’®-Much 
has been written, for example, about the causes for the treelessness of the 
prairies, but the question remained unanswered until seedling trees were 
grown and their fate studied. It has been shown by experiments extend¬ 
ing throughout many years, that in eastern Nebraska, because of drought, 
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trees cannot grow on the upland in competition witli the grasses, even 
when planted in favorable small seedbeds. They are likewise unable to 
grow in low prairie because of the dense shade of the tall grasses.®^® Fire, 
too, has been shown to be fatal to tree seedlings but much less harmful to 
grasses. 

The reason upland prairie species cannot grow in tall marsh-grass 
(Spartina) swamps has been shown by transplanting large blocks of 
jod. Species that are not killed by deficient aeration, as shown by yel¬ 
lowing of leaves and rotting of stems, soon die as a result of shading. 
Ability to grow in alkali or acid soils may be tested in a similar manner. 
Forests offer excellent opportunity for determining the behavior of plants 
under different degrees of shading. Experimental areas in a desert 
valley, in an oak grove on the mid-slope of an adjacent mountain, and in 
the coniferous forest at its crest were each furnished with seeds or trans¬ 
plants of species from each of the three habitats. The experiment has 
yielded much direct information on the dissemination of species and 
barriers to ecesis.®®^ Rodents, grasshoppers, and other animals often 
effectively prevent the successful invasion of plants from one community 
into another, although the fitness of the species for its native habitat may 
possibly be less than for the new one. 

Extensive tests in seeding depleted ranges with imtive forage plants 
have been conducted in various portions of the country, many introduced 
species being used. Although the tests in the southwest were largely 
unsuccessful, ranges in less arid climates have been greatly improved. 
By use of over 600 reseeding experiments, directed by one forest ecologist 
using various cultivated grasses and other herbaceous forage plants, 
good results have been obtained in mountain meadows, irrigated field, 
and similar moist situations. Not only the best species for sowing 

(timothy, Hungarian brome grass, rye grasses, Kentucky bluegrass, 
and redtop) were ascertained, but also the best season for sowing, the 
best method of scattering and planting the seed, and the causes of failure 
were fully determined.However, on the open ranges of the Great 
Plains and the southwest, success in seeding has been rare and it will be 
secured only by proper preparation and other aids to establishment. 

Growing ordinary crops in a new country or new crops in a region 
long under cultivation is really a type of experimental vegetation. 
Much has been done to improve agriculture along such lines, as, for 
example, the introduction of winter wheat and alfalfa from the dry 
portions of Eurasia and of the sorghums from Africa into the drier por¬ 
tions of the United States. But only a beginning has been made when 
compared with the possibilities. 

Importance of Field Experiments. -The iinportauct* of field experi¬ 
ments cannot be overestimated. Often a simple experiment requiring 
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little or no special apparatus throws much light upon problems of vegeta¬ 
tion.^" If, however, the problem demands, there should be no hesitancy 
in securing the needed apparatus and transporting it into the field. The 
experimental method simply means the observation of processes under 
controlled conditions. The nature and extent of the control will vary 
widely according to the end to be accomplished (Fig. 34). The fencing 
of an area against rodents, the cutting of a ditch to divert the water 
supply ordinarily received after heavy rains by one area to another, 
the supply of extra water to vegeta¬ 
tion in times of drought, or the addi¬ 
tion of fertilizers are examples of field 
experiments which have given valuable 
results. 

Why regeneration of beech woods 
ill England and Scotland is so poor was 
determined by fencing small areas. 

From some areas, rabbits were ex¬ 
cluded; from others, both rabbits and 
birds; and from still others, field mice 
as well. By placing beechnuts in each 
v^xclosure both on the surface and 
within the forest litter, it was found 
that rabbits ordinarily ate very few 
seeds, birds secured only those on the 
surface, but mice destroyed almost 
the entire supply, except a few over¬ 
looked in the duff. This simple experi¬ 
ment established the fact that, in a 
large measure, mice are responsible for 
the failure of the rejuvenation of beech forests.®"^ 

An exact knowledge of the amount of damage done to the range by 
rodents and especially of the rate and degree of recovery of the various 
types of vegetation after rodents have been eradicated has been obtained 
in a similar manner. Exclosures were made against rodents and cattle, 
against cattle alone, and against cattle whore rodents had been killed. 
Clip quadrats from these as well as from enclosures inhabited by 
jack rabbits and others inhabited by kangaroo rats showed the heavy 
toll of vegetation taken by these pests, a matter of grave importance, 
especially in times of drought®®^-®®** (Fig. 35). 

The experimental grid is an invaluable method for disclosing the 
processes in action on a particular range or grazing type, tracing their 
effect upon the cover, and measuring the reactions and coactions of the 
latter. This method is practically indispensable in giving adv.^ncn 



Fig. 34.—Relative growth of a native 
sunflower (Helianthus rigidus) in compe¬ 
tition with prairie grasses (right) and in 
a quadrat whore these competitors had 
been removed. 
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information as to species and methods for sowing and transplanting, and 
hence should be installed in all major exclosures at the outset. 

Experiments need, by no means be confined to native vegetation. 
Many ecological processes may be conveniently studied in a garden, 
orchard, or grove, and it should be kept clearly in mind that what man 
calls agriculture is, in a large measure, the making of an environment 
more or less suitable to crop plants. Fundamentally, the growth and 
functioning of the plant depend upon the nature of the environment 



Fio. 35. —Wheat (erass from clip quadrats; (left) where both cattle and prairie dogs 
have been excluded, (center) where cattle only have been excluded, and (right) on the open 
range. Grand Canyon, Ariz. {After Taylor and Loftfield.) 

and the adjustment to it and not directly upon cultural practices. The 
latter only modify the relation of the plant to the environmental complex. 

FIELD SURVEYS AND MAPPING 

Just how to begin the study of vegetation may usually be decided 
by the object in view. In general, a preliminary survey or reconnais¬ 
sance precedes intensive work in any particular area. This is true 
whether all the communities in the region or only certain ones are to 
be studied. Such a survey gives a general knowledge not only of the 
various types of vegetation but also of the conditions under which they 
occur and enables the investigator to choose typical areas for more 
detailed study. It is evident that a thoroughgoing survey will combint 
intensive and extensive methods in the highest possible degree. Every 
local area or community is but a fragment or modification of some unit of 
a climax and can be understood and placed in its natural relations only 
by a wide acquaintance with the climax. While the usual limitations 
as to time and funds, as well as knowledge of vegetation, render it neces¬ 
sary to begin with detailed analysis locally, this must be supplemented 
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by wider survey before the details ew be properly interpreted. The 
local study is a matter of painstaking exafiiination step by step through 
two or more years. This is accompanied by a motor reconnaissance 
through as large a portion of the territory as can be managed; and this 
examination demands constant and adequate stops at intervals of a few 
miles, or whenever the composition changes, in order to seciire details 
for comparison. At its best, motor survey will traverse every available 
section line, or road, but in prairie and often in woodland, parallel tran¬ 
sects a mile apart are usually sufficiciit, while in desert scrub and sage¬ 
brush a greater interval is permissible. Finally, wherever it is feasible, 



Fig. 36.—Airplane view of burned-over area (lightly colored, left) and chaparral-covered 
foothills (darker) near Sail Antonio Heights, Calif. W^hite lines on the ridges are firebreaks. 
{Photograph, courtesy of ^3rd Photo Section, Air Corps, U. *S. Army.) 


both kinds of survey should be supplemented by airplane observation 
and mapping, a task that is being met more and more by federal agen- 
cies>"™» (Fig. 36). 

Mapping in some form and on the proper scale is a desirable, if not 
indispensable, adjunct of every survey. Motor mapping is particularly 
adapted to tracing the boundaries of vegetatioual units or of species, 
since it is the sole method that combines extensive and intensive values. 
In regions of bold relief, the technique of the U. S. Geological Survey in 
mapping topography is applicable to vegetation where topographic 
sheets exist or can be made available. In the case of scrub and forest, 
the mapping can best be done by airplane, when the importance warrants 
the cost, as is the case at present in the great public projects In erosion 
and flood control and other problems of conservation. Great improve- 
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ment in the technique of photographing and interpreting air pictures is 
certain, and it is probable that special types of planes like the helicopter 
or autogyro will permit much greater refinement. However, even at its 
best, the airplane can be regarded only as an adjunct or extension of a 
proper ground survey. 

Both surveying and mapping must deal adequately with the structure 
and development, as well as the spatial relations of the climax or some 
portion of it. Fragments of the original climax are invaluable as the 
background for this and must be diligently sought in order to recognize 
and evaluate the changes everywhere wrought by succession, disturbance, 
or cyclic fluctuations, such as a series of years of excessive precipitation 
or of drought. For this the relict method is indispensable, and in grass¬ 
land or scrub, motor trips should be routed along railways as a regular 
procedure. It must be clearly understood that nearly all the vegetation 
“on the ground” today has been more or less modified and hence the 
closest observation is required to make sure of recognizing the various 
units, their relationships, and stages of development. 

The mapping of a suitable area furnishes excellent experience with 
extensive vegetation, especially if a considerable number of communities 
are encountered, for the relations of these have to be closely studied in 
order to present them on a map. A*general idea of the broad features of 
vegetation will have to be formed. This focuses the attention upon 
particular problems and compels one to make a decision about the 
vegetation studied. It must first be determined what plant communities 
are to be mapped, their extent, transition into other communities, et(; 
In this way, the larger communities should be distinguished, recorded, 
and characterized, and their relation to topography, exposure, and soil 
type determined in a general way. Typical examples of each community 
must be rather thoroughly examined, their more important species listed, 
and the main features of their structure determined. In such work, it 
must be clearly kept in mind that the aim is to get a general idea of the 
whole area. Detailed work in any community will follow as a natural 
sequence. 

Aside from the map, complete field notes should be taken and a very 
valuable supplement to these are photographs not taken at random but 
to illustrate typical vegetation. These greatly help when it comes to 
rewriting the field notes in connected sequence. The amount of 
detailed information obtained and the accuracy of the mapping will 
vary, of course, with the size of the area under study.®®® 

Community Maps. —Much may be learned about the structure and 
development of individual communities by making a large-scale map 
of a relatively limited area. Such maps represent the details of the 
vegetation of a small area on a large scale. They are made by dividing 
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the area for study by means of cross tapes into units usually a meter' 
square. 

The boundaries of small, well defined, uniform communities can be 
plotted to within 3 inches of their actual position and the position of 
large, isolated, individual plants or clumps of vegetation definitely 
located. Much of the detail of the actual structure of the vegetation 
may be shown by means of appropriate symbols. These should be so 
simple that the map may be readily interpreted. Crosshatching or 
distinctive shading may be used and transitional areas shown by the 
overlapping of the two kinds. It is well to trace the original chart in 
ink and to keep it for reference, since the chart method reaches its 
greatest usefulness only when the area is permanently marked and 
changes occurring from year to year are recorded (I"ig. 37). 

Many situations warrant permanent mapping, but it must be under¬ 
stood that the chart in itself is of little value unless it is a characteristic 
sample of the detailed structure of a widely distributed community. 
It should show some definite distribution of vegetation in relation 
to habitat or be of use in solving some problem in the development of 
vegetation, etc. For example, the distribution of communities or zones 
about marshes or lakes may be correlated with water content, or those 
in saline areas with salt. 

Methods have been devised for mapping low shrubs or woody seed¬ 
lings in range management and in investigations on watershed protection, 
etc. They are used to obtain exact data on the character and extent of 
the cover of shrubs, suecessional change, rate and period of growth in 
the brush type and the influence of grazing, browsing, and fire upon the 
plants. 

The gridiron method* consists of subdividing the plot with strong 
cord into squares of convenient size, usually 1 or 2 square feet, and map¬ 
ping the crowns of the shrubs on coordinate paper of a suitable scale, 
after determining their location, by measurements, within the squares. 

The more recent coordinate method consists in establishing the 
boundaries of a plot, 4 by 25 feet, with flat steel surveying tapes held at 
a height (which is adjustable) slightly above the level of the shrubs. 
Four strong steel stakes, 3 to 5 feet in length, are used, one at each comer. 

P hght but strong metal crossbar engages the side tapes and is suspended 
by them. The crossbar is first placed at the end of the parallel tapes. 
The mapper looks perpendicularly dovrn at the shmbs and determines 
just where the edges of each individual intersect the crossbar^. After 
establishing these points on cross-section paper, on which the boundaries 
of the plot have previously been drawn to scale, the crossbar is advanced 

* For a description of the much more complicated traverse or plane-table method, 
see references 634 and 694. 
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Fig. 37.—an area 42 by 25 feet in an overgrazed pasture at Lincoln, Neb. It was 
marked off in 5-foot squares and mapped in June, 1924, one month after excluding the 
cattle, shrubs, mostly wolf berry {Rymp^ricarpos). x with circle indicates those 
starting in 1924. The number of indi'vndual stems is indicated only outside the areas 
dominated by shrubs; vertical hatch, bluegrass (Poa praienaia); crosshatch, buffalo grass 
(B-uMoe dactyloidea); unmarked areas, w^heat grass {Agtopyron amithii). The positions of 
four quadrats are indicated by squares. 

B, same area at the end of the third growing season, August, 1926. 

Has bluegrass increased or decreased its territory? Has buffalo grass extended its area anywhere? 
What is replacing it in a large measure? Note that the shrubs have extended their front only slightly 
and not uniformly. By counting the squares, or more accurately by placing a heavy cardboard under 
the and using a planimeter, ascertain the percentage decrease ot bluegrass and buffalo grass and 
the increase of wheat grass. All three grasses formed dense sod in whiem only a few other specieB 
occurred. 
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0.5 foot and all pmnts of intersection at the second position are plottedl 
The outline of each crown between the two points upon it is then drawn, 
alter which the crossbar is again advanced as before. The height of each 
shrub is determined and the data are recorded within the outline of the 
crown on the map. Thus low shrubs may be rapidly mapped and the 
data quickly compiled.*** Shrubby areas may be permanently charted 
and again recharted at 5-year intervals. 

The total cross-sectional foliage area occupied by each species of 
shrub in the plot may be determined either by a planimeter, or where 
cross-section paper is used, the squares and parts of squares enclosed by 
the outlines of the crowns may be counted. The coordinate method may 
also be used in mapping low shrubs in woodland and forest. The map¬ 
ping of crowns of forest trees on permanent sample plots is accomplished 
by projecting the periphery of each tree vertically upon the forest floor. 
One method is to employ a bob on a line held by a pole at various points 
on the periphery of the crown. Delimiting the areas occupied by large 
forbs with spreading crowns in studies in prairies, pastures, and range 
lands may be accomplished by modifications of the preceding methods. 

In the study of succession, community charts are often indispensable. 
By their u.se, the changes from year to year, such as the shifting of 
ecotones following invasion of one community and the disappearance 
of another, may be traced in detail. By this means, changes are per¬ 
manently recorded, the time element determined, the causes of change 
often automatically revealed, and a record obtained the accuracy of 
which cannot be impugned. This greatly supplements the study of 
change by inference, i.e., piecing together the course of development 
from the various kinds of communities found in the region. 



CHAPTER III 


PLANT SUCCESSION 

As vegetation develops, the same area becomes successively occupied 
by different plant communities. This process is termed plant succession. 
Within a region, the same final or climax stage results from this series 
of successive stages whether they start in open water, or solid rock, or 
on denuded land. Successions beginning in ponds, lakes, marshes, or 
elsewhere in water are termed hydrarch, and the different stages of the 
series or sere constitute a hydrosere}'^* Although the movement from 
initial stage to climax is usually continuous, when one group of dominant 
plants reaches its maximum the change is clearly marked. This is 
especially true when one life form, such as that of floating plants, gives 
way to another, such as reeds and rushes. The stages and the processes 
operative in bringing about plant succession in the various seres will 
now be examined. 


A HYDROSERE 

Submerged Stage. —Near the shores of a lake or, perhaps, throughout 
its extent, if the water is less than 20 feet in depth, may be found many 
species of plants growing entirely submerged. These are the pioneers 
of the hydrosere. Prominent among them are several species of flowering 
plants such as water weed (Elodea), pondweeds (Potamogeton), horn wort 
(CeraiophyUutn), and naiads (Najas). These grow at various dftpths, 
mostly rooted in the muddy or sandy bottom, depending somewhat 
upon the species but especially uimn the clearness or turbidity of the 
water. They often form dense masses of vegetation. Submerged butter¬ 
cups (Ranunculus), bladderworts (Utricularia), and eelgrass (Vallisneria), 
together with numerous algae, varying in size from microscopic forms to 
the herblike Chara, help to fill the water more or less completely with a 
tangled vegetation. The vegetation forms rather open patches in some 
places but a continuous, tangled, aquatic garden in others. Indeed, the 
density of growth of some of these submerged plants is sometimes so 
great, especially in late summer when they are fully grown, that boating 
may become diflScult if not impossible. 

The growth of this submerged vegetation year after year has a very 
marked effect upon the habitat. Material eroded by streams and trans¬ 
ported into the lake is deposited about the plants because they form a 
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direct obstacle to its advance, and especially bedause they slow down the 
currents. Moreover, when the plants die their remains sink to the 
bottom where, because of insufficient oxidation, the vegetable debris 
and the dead animals associated with it lire only partially decomposed, 
forming a mass of humus which cements the mucky soil together, making 
it firmer. The result of these reactions brought about by the submerged 
plants is to shallow the water by building up the bottom of the lake. 
Obviously, this process is disadvantageous to the present occupants and 
ultimately there are formed a suitable water depth and a rich substratum 
for invaders. 

Floating Stage. —Where the water is only 6 to 8 feet deep, various 
species of floating plants begin to invade the area occupied by the pioneer, 



Fig. .‘i8.—Water lilies {Nymp}iaea polysejmla) in a lagoon, illustrating the floating stage of a 

hydrosere. 

submerged plants, l^hey migrate mainly by rhizomes from their strong¬ 
hold in the shallower water. Chief among them are various water lilies 
{Nymphaea, Castalia), numerous pondweeds {Potarrkogeton), and smart- 
weeds (Polygonum), although many others may occur. Usually, several 
species are associated, sometimes only two, and often a single representa¬ 
tive covers large areas (Fig. 38). All are rooted in the mud. Nearly 
all have rhizomes, sometimes several feet in length, or stems rooting at 
the nodes, while the petioles or stems, varying in length with the depth 
of the water, permit the broad leaves to float on the surface. 

At first, the floating plants are intimately associated with the sub¬ 
merged species, particularly those that grow best in the shallowed water. 
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But as the invaders increase in numbers, gradually spreading year by year, 
their leaves occupy more of the water surface and the light for submerged 
plants is decreased. These must migrate into deeper water. Fre¬ 
quently, the masses of unattached floaters, such as duckweeds (Lem- 
naceae)y water hyacinth (Eichhornia), etc., cover the surface and aid 
materially in reducing the light. Because of the dense tangle of stems, 
much water-borne soil is deposited in the floating-plant zone, while the 
debris formed by the decay of these rather massive species rapidly builds 



Fig. 39.—Three dominants of the reed-swamp stage, reed (Phragmiteg communia), bulrush 
(Scirpua validua) in blossom on left, and cattail {Typha lati/olia). 

Up the substratum. Spring freshets may, wholly or in part, wash away 
this accumulated material, in which case the floating stage j^ersists for a 
long time. But usually the soil-building process goes on so rapidly that 
within a few years at least the shoreward margin of the floating-plant 
zone can be invaded by swamp plants. Water that is too shallow is 
distinctly unfavorable to floating species, and this community, even if 
uninvaded, would ultimately make the habitat so unfit for itself that 
floating plants would disappear. 

Reed-swamp Stage. —With the continued shoaling of the water, 
invasion becomes possible for plants that root at the bottom and are 
partly submerged but whose foliage is raised above the surface of the 
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water. The tall bulrush {Scirjyu^s validus)^ cattail {Typha)^ and reed 
(Phragmites) may invade the territory occupied by the floating plants 
where the water is 1 to 4 feet deep. The bulrush usually grows in the 
deepest water, sometimes in excess of 6 feet, and reeds in the shallowest, 
but they are often intermixed (Fig. 39). All have large, much-branched 
rhizomes, and where establishment of seedlings is unsuccessful, invasion 
is still possible. Associated with them or in similar habitats are other 
bulrushes, bur reeds {Sparganium), wild rice {Zizania), etc. Like the 
preceding plants, their tall stature and dense, sodlike growth exert a 
controlling influence. Obviously, the floating plants are at a great 
disadvantage as regards light. As the reed-swamp community develops, 
they largely or entirely disappear, moving outward into deeper water in 
the wake of the submerged species. 

The reaction of the reed-swamp plants is not only to shade the surface 
of the water but also to build up the lake shores by retaining the sedi¬ 
mentary materials washed into the lake and by the very rapid accumula¬ 
tion of plant remains. Not only is the plant population much denser 
than before but also mechanical tissues, which resist decay, are much 
more highly developed in plants with aerial organs. Thus, the water 
depth is gradually decreased.’^ Many secondary s]:)ecies such as arrow¬ 
heads {Sagittariai), water plantain {Alisma), sweet flag {Acorns), smarts 
weeds {Polygonum), etc., aid in bringing these reactions about and 
ultimately in making the habitat less fit for most species of the reed- 
swamp stage. 

Sedge-meadow Stage.—The cattails, bulrushes, etc., develop less 
vigorously with a lowering of the water level, and other species invade 
their territory. Favored by an increasing amount of light, as the former 
occupants disappear, they gradually change the reed swamp into a sedge 
meadow. Numerous carices {Carex), rushes {Juncus), and spike rushes 
{Eleocharis) form, with their tough, tangled rhizomes and slender, copious 
roots, sodlike mats of vegetation (Fig. 40). The soil gradually becomes 
too dry for plants of the preceding community but is still very wet in 
spring and early summer when it may be covered with several inches of 
water. But later in the season, this surface water disappears and the 
soil may be merely saturated, the water level sinking a few inches below 
the surface. Varying degrees of wetness may be found depending upon 
the progress of development and irregularities of topography (Fig. 41). 
Islands of bur reeds or cattails may persist in depressions for a long time 
as relicts of the old community and indicators of a former swamp. 
Many species of forbs occur intermixed with the patchwork of the 
Eleocharis’^arex-Jurums complex. Examples of these are mints (Mcn- 
tha, Teucrium), marsh marigold {Caltha), blue flag (Iris), bedstraw 
{Galium), water hemlock (Cicula), cotton grass {Eriophorum), and bell- 
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^owei (Campanula), All react upon the habitat by binding water- 
carried and wind-borne soil, accumulating plant debris, and transpiring 
enormous quantities of water.®®® The spike rush alone may add a few 



Flo. 40.—Spike rush {Eleocharis paluatris) characteristic; of the sc^clKe-meaciow stage of a 
hydrosere. The plants are about 18 inches tall. 



Flu. 41.—A sedge meadow of spike rush {Eleocharia) bordered by a bulrush or tule (Sdrpua 
validua) swamp in the background. 


millimeters of humus each year. Finally, the marshy sedge meadow 
becomes too dry for these water-loving plants {hydrophytes) to thrive. 
They are gradually replaced by species of another community. In dry 
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climates, this may be grassland or some other xeric climax; but in more 
moist ones, woodland. 

Woodland Stage. —When the lowland has been built up to an extent 
where the soil is saturated perhaps only in spring and early summer, 
certain species of shrubs and trees may appear. Those that can tolerate 
waterlogged soil around their roots will be the pioneers. Various species 
of shrubby willows (Salix), dogwoods (Cornus), buttonbush {Cephalavr 
thus), and other hydrophytic shrubs, propagating rapidly and through 
considerable distances by rhizomes, may form dense thickets. These, 
with alders (Alnus), tree willows, and cottonwoods (Populus), come to 
occupy more and more of the area. These woody plants react upon the 
habitat by producing shade and by lowering the water table both by 
further building up the soil and by vigorous transpiration. The drier, 
shaded soil is a very uncongenial place for sun-loving, sedge-meadow' 
si)e.cies, which gradually disappear, extending their territory into the 
zone of the receding reed swamp. Simultaneously, shade-enduring or 
tolerant herbs replace them, growing among the trees and shrubs. 

Climax Forest.—As humus aceumulat(?s and the moist soil becomes 
filled with bacteria and fungi and other organisms wiiich enrich it, 
many other trees may invade. Mixed forests of alder, willow, cotton¬ 
wood, hackberry (Celtis), elm (IJlrnus), ash (Fraxinus), oak (Qnercus), 
and hickory (Carya) with their accompanying characteristic shrubs 
and herbs may result. But as the trees bc^come denser in the drier, 
better aerated soil and the forest canopy more closed, many species, 
especially the pioneers, find difficulty in reproducing their kind since their 
seedlings are intolerant, i.e., cannot grow in shade. After a few genera¬ 
tions, only the most tolerant species may survive and a rather pure 
forest of oaks and hickories may develop. If the even more shade- 
enduring sugar maple and beech are present, thejy may replace the oaks. 
The sorting of the tree populations, however, has been no more marked 
than that of the herbs and shrubs. Plants of medium requirements for 
water {mesophyies) have replaced the hydrophytes. The subdominants 
of the climax-forest community are, moreover, all tolerant of shade. 
Their density, as w^ell as their very existence, depends, in many cases, 
upon the control exerted upon the habitat by the dominant trees. 

Thus, the area once covered by deep water becomes transformed into 
a forest, a phenomenon clearly conceivable wffien one follows the actual 
processes of development. The various stages—submerged plant, 
floating plant, reed swamp, sedge meadow, woodland, and climax forest— 
are merely cross sections of a continuous development made with refer¬ 
ence to certain points where, because of more or less pure dominance, 
change is most apparent. This whole developmental process in action 
may be found about lake margins where each stage is shown as a definite 
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sone. The stages in the present horizontal sequence from shallow water 
to marginal forest become arranged in a vertical sequence as the bottom 
of the lake is built up, forest forming the top stratum. In forests that 
have developed in undrained bogs, where largely because of deficient 
aeration the plant remains only partially decayed, borings have revealed a 
complete series from a forest community to submerged plants.’^ 

To Study the Development of a Hydrosere. —Examine the shallow water and 
shores of lakes, ponds, or marshes for the characteristic plants of the hydrosere. 
Make a list of the dominants belonging to each stage of development. Examine the 
roots and rhizomes of some of the floating species if possible. How do the plants 
adjust themselves to different depths of water? What free-floating forms have you 
seen? Cut sections of the leaves and stems (including rhizomes) of cattail, bulrush, 
and other plants of the reed-swamp stage in the field and ascertain how they arc. 
adapted to live in wet soil with a deficiency of air about the underground part,s. 
Are the rhizomes of the various species at the same level in the soil? Can you make 
out whether or not the roots are much branched? Do the plants all receive light at 
the same level? How are they adapted for growing so close together? Are there 
any relict or “left-over” reed-swamp plants in the sedge-meadow stage or other 
indications that the area was formerly wetter? Dig into the soil and see if you can 
find remains of reed-swamp species. Why do the dominants of sedge meadow grow 
in such dense clumps? Are they also adapted to grow in wet soil? Trace the suc¬ 
cession from the wot meadow to the climax stage. The water level should be deter¬ 
mined by digging holes in the soil ocscupicd by the early medial stages, and the water 
content determined in each zone (p. 207). 

A XEROSERE 

Successions initiated on bare rock, wind-blown sand, rocky talus 
filopes, or other situations where there is an extreme deficiency of water 
are termed xerarch, and the different stages of development constitute a 
xerosere. A xerosere occurring in the same climatic climax as a hydrosere 
will end in a similar mesophytic community. 

Crustose-lichen Stage.—On the smooth surface of a bare rock, 
regardless of its kind, few plants are able to become established owing to 
the extreme deficiency of water and nutrients, great exposure to the sun, 
and extremes of temperature to which they are subjected. Crustose 
lichens alone are usually able to grow in such situations. They flourish 
during i)eriods of wet weather and remain in a state of desiccation for 
very long periods during drought. The fungus living parasitically upon 
the enmeshed terrestrial algae secures its carbohydrates from the host 
which, in turn, is protected by the crustlike fungus growth from extreme 
drought. 

The rapidity with which these sponge-like organisms absorb water 
from rains as well as the large amount they can retain may bs shown by 
dropping water upon thenn from a pipette. Mineral nutrients are 
obtained by the secretion of carbon dioxide which with water forms a 
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weak acid that slowly eats into the rock into which the rhizoids some¬ 
times penetrate for a distance of several millimeters. Nitrogen is 
brought in by rain or by wind-blown dust. Thus, all the life require¬ 
ments of these simple, crustlike species are inet.®*® 

Migration on to distant rocks takes place either by wind-carrie(^ 
spores or lichen fragmentation, i.e., soredia. Thus, species of Rhizo- 
carport, Lexidea, Rinodina, and Lecanora come to colonize these bare 
areas and play an important part in converting the rock into soil. Not 
only do they exert an influence at the contact of thallus and rock, but 
also the corroding effect of carbonic acid and perhaps other secretions 



Flo. 42.—^Lichens and mosses on a granite boulder, showing the early stages of a xerosere. 

extends beyond the thallus margins during moist weather. This permits 
slow extension of the thalli or furnishes starting places for new ones 
(Fig. 42). Thus, lichens help corrode and decompose the rock, supple¬ 
menting the other forces of weathering, and by mixing the rock particles 
with their own remains make conditions possible for the growth of other 
vegetation. The rapidity with which a minute amount of soil will 
form is controlled very largely both by the nature of the rock and by the 
climate.^ On quartzite or basalt in a dry climate, the crustose-lichen 
stage might persist for hundreds of years.But on limestone or sand¬ 
stone in a moist climate, sufficient change to permit the invasion of 
foliosG lichens may occur within a lifetime. 

Foliose-lichen Stage. —Foliose lichens, i.e., those attached to the 
substratum at a single point or along a single margin, appear as soon as a 
little soil has accumulated (Fig. 43). On the more weathered portions 
of the rock and in depressions or other slightly less exposed situations. 
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they slowly replace the crustose forms. Their expanding leaflike thalli 
may completely overshadow the latter. Thus, cut off from the source 
of light, the crustose species may die and decay. About the foliaceous 
invaders, water has a better chance to collect and to be absorbed, evapora¬ 
tion is greatly decreased, wind- and water-borne lichen fragments and 
dust particles lodge, and humus is more rapidly accumulated because of 
its less rapid oxidation. The acids produced by the living and decaying 
plants are constantly eating farther into the rocks. Indeed, it is probable 
that the change from crustose to foliose lichens is a change of habitat 
as great as happens anywhere in the sere, although too minute in extent 
to be impressive. After the crustose forms give way to various foliose 



Fig. 43.—A foliose lichen {Gyrophora) growing on a rock. {Photograph by Fink.) 

species (such as Dermatocarpon, Parmelia, Umbilicaria, and others), 
a new type of invader appears.^^® 

Moss Stage. —As soon as sufficient amounts of soil have accumulated 
in the minute crevices and depressions in the rock, xerophytic mosses 
begin to appear. These are commonly species of black moss (Grimmia), 
hair moss (Polytrichum juniperinumy P. piliferum, P. commune) y and 
twisted moss (Tortula). They may have migrated long distances by 
wind-blown spores. Their rhizoids compete with those of the foliose 
lichens for water and nutrients and the erect stems often exceed the latter 
in height. The power of withstanding desiccation is almost as marked 
among these pioneers as among the lichens.®®^ They and the more 
exacting foliose species may occur simultaneously, or, indeed, the mosses 
may sometimes precede foliose lichens.^®® 
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Soil rapidly accumulates among the erect stems as the plants, dying 
below but continuing growth above, build up the substratum and con¬ 
stantly increase their area. The depth of soil under the cushionlike 
moss mats, often an inch or more, contrasted to the thinner layer under 
the foliose lichens and the hard substratum under the crustose forms 
can best be realized by inserting a knife blade into a rock surface occupied 
by each. Sometimes, fruticose lichens, especially Cladonia and Stereo- 
caulon^ with the mosses overtop the foliose forms which are unable 
successfully to comi)ete with the invaders* At the same time that they 
yield to the mosses, they more completely invade the area of the crustose 
forms. Frequently, all three stages may be found on a single rock sur¬ 
face, the pioneers occupying the most exposed places. 

Herbaceous Stage.—The soil-forming and soil-holding reactions of 
the mosses are so pronounced that the seeds of various xerophytic 



Fia. 44.—Early herbaceous stage of a xerosere. The plants growing in the shallow, 
rocky soil are a drought-enduring bluegrnss (Poa), knotweed {Polygonum)^ and woolly 
plantain {Plarvtago), 

herbs, especially sliort-lived annuals, are soon able to germinate and the 
plants to mature, although the first generations, because of the drought 
and sterility of the soil, may make only a stunted growth. Their roots 
continue the process of corroding the rock, and each year the humus 
from their decaying remains enriches the soil. Gradually, biennials 
and perennials begin to invade, ever increasing in numbers as the habitat 
becomes more congenial (Fig. 44). 

The processes of rock disintegration and humus and nutrient accumu¬ 
lations are greatly accelerated as the tangled network of roots increases 
and the soil becomes shaded. Evaporation and temi>erature extremes 
are decreased, humidity slightly increased, and drought periods shortened. 
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The bacterial, fungal, and animal populations of the soil increase and 
conditions gradually become less xeric. The intensely xerophilous, 
shallow-rooted wire grass, poverty grass, and dwarfed specimens of blue- 
grass (species of Aristida, Festuca, and Pod) with mullein (Verbascum)^ 
alumroot {Heuchera)^ and rock ferns are supplemented in their invasion 
by many drought-enduring mustards, cinquefoils (Poientilla) j goldenrods 
(Solidago), and many others. The reactions brought about by the new 
community, especially the reduced light, are distinctly detrimental to the 
mosses and fruticose lichens which gradually become fewer in number. 

Shrub Stage. —On the soil thus prepared by the pioneer lichens, 
mosses, and herbs, woody plants find conditions possible for growth. 
Shrubs may start from seed or invade from adjacent areas- by rhizomes. 
In such invasions, snowberries (Symphoricarpos) ^ sumac and poison 
ivy (species of Rhus)^ and ninebark (Physocarpus) often dominate. 
Thickets of leafy shoots from the underground tangle of rhizomes 
overtop and shade the herbs, and, when the shrubby growth becomes 
sufficiently dense, the former possessors of the land find the habitat 
so modified that growth becomes almost or quite impossible. The 
herbaceous population largely disappears. Among the numerous stems, 
the falling leaves find lodgment and wind-blown snow accumulates. 
Massive networks of roots fill the soil. The deepest of these continually 
corrode the rocks and pry open their pores and crevi(?es. Wind move¬ 
ment is retarded and humidity is higher above the decaying leaf mold 
covering the shaded soil, from which surface evaporation is greatly 
reduced. All these conditions, coupled with the enriched soil with its 
greater capacity for holding water, furnish an excellent nursery for tree 
' seedlings, and trees may now begin to appear. 

Climax Forest. —The first species of trees are relatively xeric. The 
pioneers are widely spaced, and the hard conditions of life are reflected 
in their stunted growth. But as weathering processes continue and the 
soil deepens, trees increase in both number and vigor. A forest of bur 
oak and bitternut hickory may develop. With increasing shade, the 
light-demanding shrubs fail and other more tolerant and mesophytic 
ones replace them under the protection of the leafy tree canopy. A new 
herbaceous vegetation develops in the forest shade, indicating a more 
humid atmosphere and a moister and richer soil than had heretofore 
prevailed. This is quite in contrast to the once bare rocks. 

The accumulated mold of generations of forests worked over by an 
ever increasing host of soil organisms furnishes a more constantly moist 
soil and other conditions favorable to a more mesophytic forest. The 
bur oak-bittemut hickory forest may be re]3laced by the red oak-shell- 
bark hickory comm uni t3^ Once established, the invaders become con¬ 
trolling. Their shade is so dense that the bur-oak and bittemut-hickory 
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seedlings grow poorly or die. Only tolerant sr^eci^s, such as ironwood 
(Ostrya) and elms {Ulmus)^ can live in this new forest. Once more the 
shrubby and herbaceous populations shift, the less tolerant following the 
former community in its invasion of the shrubs. The most tolerant, 
supplemented by other invading mesophytes, constitute the layers of the 
climax mesophytic forest. 

Thus, in the xerosere as in the hydrosere, the habitat has changed 
from one of extreme to one of medium water relations, and the vegetation, 
at first adapted to xeric or hydric conditions, respec^tively, has developed 
into a mesophytic forest. Tlie climax forest may be dominated by hard 
maple and beech if the climate is conducive to the growth of these trees; 
or it may be characterized by Engelmaim spruce and alpine fir if the 
succession occurs at the higher elevations in the Rocky Mountains. 

To Study the Development of a Xerosere. —Examine the development of vegeta¬ 
tion on a rocky ledge or other outcrop or on very thin, stony soil, etc. Determine 
the power of the crustose lichens to absorb and hold water when it is dropped upon 
them. Is there any evidence that they are increasing their area of occupation? 
Find places where foliose lichens are replacing them. By scratching the rock with a 
knife blade, determine the depth of loosened materials under crustose and foliose 
lichens and under xeric mosses that liavc replaced them. Determine the power of 
the cushion of moss to absorb and hold water. What part.B of the moss plants are 
alive? Where do the pioneer herbs first appear? Make a list of some of the most 
important ones. Does the sere end in grassland or is there a shrub stage? What 
arc the most important shruVis? How do they ijropagate? Examine their under¬ 
ground pans in relation to the underlying rock. Trace the succession to the climax 
of the rt^gioii. Determine the water content in each stage of the sere -where sufficient 
soil occurs to afford representative samples, discarding all large rock particles. 

FURTHER STUDIES OF SUCCESSION 

In the preceding paragraphs the outlines of processes that require 
long periods of time for their completion have been sketched, the succes¬ 
sions on rocks usually being longer than those in water. Moreover, 
only two typical successions have been outlined. Others occurring in 
sand, in bogs, and elsewhere will now be considered together with certain 
other phenomena fundamental to an understanding of this develop¬ 
mental process.***® 

Viewpoints of Succession. —The successive waves of plant populations 
—crustose lichens, foliose lichens, mosses, herbs, shrubs, and trees— 
each, in turn, holds possession of a habitat and produces its profound 
influences upon it. Beginning slowly, increasing to a maximum, and 
then gradually receding, the plant populations of each have made con¬ 
ditions fit for the next community but often less fit for their own con¬ 
tinuation. This is true for both hydrosere and xerosere. This is one 
viewpoint of succession. The process may also be viewed as a change of 
life forms,the lichen life form being replaced by the higher type of 
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moss life form, and this by the herb^ shrub, and tree in regular sequence. 
Fixing attention on the changes in the habitat, one finds the rock becom¬ 
ing less and less dry, the lake area with a diminishing water content, 
both approaching the medium condition of mesophytism. A study of 
vegetation as a developing organism comprehends all three points of view 
in a connected whole. 

Other Successions on Rock. —^Xeroseres do not always occur in the 
exact sequence described. On talus slopes, for example, the interstices 
between the coarse, loose rock fragments may furnish a habitat in 
which the seeds of herbs or even shrubs or trees may germinate and the 



Flo. 45.—Succession on a gravel elide in the Rocky Mountains. The most important 
species are a parsley {Paeudocymopierus) and a borage (Krynitzkia) in the foreground. 

seedlings successfully ecize (i.c., make a home). This happens long 
before the lichens and mosses on the rock surfaces have had sufficient 
time to form even a thin soil. The rapidity of colonization and develop¬ 
ment, aside from climate, depends, in part, upon the nature and degree 
of the physical and chemical erosion of the rock fragments and partly 
upon how much humus is carried down by the rain from the decaying 
surface vegetation. On a talus slope composed of fine gravel intermixed 
with coarse sand, succession is rapid. 

Herbs usually play the pioneer role, binding the loose soil, forming 
mats on its surface, adding humus, and otherwise producing a suitable 
habitat for shrubs and trees (Fig. 45). Vast areas in the mountains are 
regularly forested in this way, gravel slide with its sparsely placed herbs 
giving way to grass- and herb-covered half-gravel slide into which shrubs 
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invade only to be replaced later by forests of pine, fir, spruce, etc., 
depending upon climatic control. 

A shrub or heath community may result from several types or lines of 
succession which converge into it. Not infrequently, while crustose and 
foliose lichens are aiding in weathering the rock surface, fruticose lichens, 
mosses, and crevice herbs are forming humus in the clefts of the rock, 
while in depressions on the same rock mass, where water stands part of 
the time, mats of sedges, etc., may flourish and similarly build up soil. 
Finally, the shrub vegetation of the rock surface coalesces with that of 
the crevices. The rock pool also adds its quota, mostly of similar species, 



Fig. 46.—A falling tree exposing the substratum of boulders upon which vegetation 
has laid a deep blanket, part of which is now a living mat of moss. {Photograph by W. L. 
Bray.) 

all forming a dense mat of shrubby vegetation quite covering the rocky 
substratum (Fig. 46). 

Successions in Sand. —Extensive successional studies have been 
made on the sand dunes about Lake Michigan.The prevailing 
westerly winds blow the beach sand into dunes which almost continu¬ 
ously fringe the eastern and southern borders of the lake. The vegeta¬ 
tion, at first extremely xeric, culminates in a mesic maple-beech forest. 

Extensive beach dunes cannot be formed, since one wind destroys 
what another builds, unless the plants, which are obstacles comi)elling 
the wind from the lake to deposit its load, continually increase in size. 
Such plants must be pronounced xerophytes or be able to endure partial 
burial by the sand or continue to thrive when much of the sand has 
blown away and the underground parts are partially exposed. 
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Embryonic Dunes, —The most successful dune formers are marram 
grass {Ammophila), wheat grass (Agropyron), sand reed (Calamovilfa), 
willows {8alix)j sand cherry {Prunus), and cottonwoods (Populus), All 
have great powers of vertical elongation as the sand piles up about them 
and some of the grasses and shrubs propagate extensively by rhizomes 
which, with the tangle of roots, bind the sand. The dunes may reach a 
height of 10 feet or more (Fig. 47). 

In low places where the wind blows the sand away to near the water 
level, cottonwoods may germinate and grow rapidly forming a new 



Fig. 47.- -An embryonic dune with the sand reed {Calamovilfa lotigifoUa) holding the sand. 

{Photograph hy G. I). Fuller.) 

obstacle for the wind-blown soil. No vegetative propagation takes 
place nor can new individuals start in the dry sand. Cottonwood 
dunes are consequently the highest and steepest. The trees may become 
almost buried but are still able to survive. 

Wandering Dunes. —As the embryonic dunes become larger and 
higher, conditions for sand accumulation become more favorable. But 
the dune-holding plants have grown farther from the water level each 
year. Cottonwoods are relatively short-lived and no new trees can 
replace the old ones, once the dune is formed. Gradually, the wind 
begins to reshape the dune, the plants lose their hold, and the dune 
begins to wander. The wind blows the loosened sand into great dunes 
or series of dunes which have a long, gentle slope toward the lake but a 
steep leeward side. It sweeps up the windward slope carrying or rolling 
the sand along until the crest is reached, when the sand rolls down the 
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leeward side. The crest of dunes is often higher than the forests over 
which they may slowly but irresistibly advance (Fig. 48). They move 
forward only a few inches or, at most, a few yards each year but always 
forward.The old vegetation is entirely covered, but as the dunes 
advance the remains of buried forests may be uncovered. 

Arrested Dunes, —Vegetation appears to be unable to capture a 
rapidly moving dune, although xerophytes may grow upon it. But as 
the dune wanders farther from the lake, perhaps a mile or more, the force 
of the wind is decreased, usually by other dunes being built up between 
it and the beach. Vegetation commonly gets its first foothold at the 
base of the lee slope about the outer margin of the dune or dune complex. 



Fio. 48.—Advance of a dune over forest and swamp, Dune Park, Ind. {Pholograjih hy 

G. D, FtUler.) 


Here there is abundant soil moisture as well as protection from the wind. 
Plants may creep up the slope by vegetative propagation. Marram grass 
and other xeric pioneers are among the first to appear. They are followed 
by a dense growth of shrubs, dogwood (Comus), willows (Salix), choke- 
cherry (Prunus), and grape {Vitis), A mesophytic forest dominated by 
linden (Tilia) rapidly replaces the shrubs but is, in turn, replaced by the 
climax maple and beech. 

On the long windward slopes, which make up about nine-tenths of 
the dune area, the succession is quite different, probably owing to the 
action of the drying winds. The pioneer herbs of the embryonic dunes, 
many of which grow on the shifting dune complex, are succeeded by a 
shrub stage, consisting largely of xeric evergreens especially shrubby 
and prostrate junipers (Juniperus) and bearberry {Arctostaphyhs). Con¬ 
ditions become less severe under cover of the shrubs, and a coniferous 
forest develops. Jack pine (Pinus banksiana) is usually the first tree to 
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appear. It may be followed by red pine (P. resinosa) or the latter may be 
the pioneer where the jack pine is absent They are succeeded by 
climax forests of white pine (P. strobus) in the Great Lakes forest forma¬ 
tion. In the deciduous forest climax the white pines are replaced by 
oaks. Black oak (Quercus veluiina) commonly appears first, but it is 
succeeded by forests of white oak (Q. aJha). Finally, the sere culminates 
in a maple-beech climax.*'*®® 

Succession on River Bars. —When sand or silt is deposited in a river 
as bars or islands, colonization and succession usually occur rapidly. 
This is due to relatively favorable soil. Trees with light, wind-blown 
seeds or fruits, such as willows and cottonwoods, are often the pioneers. 
These are regularly followed, if the island is built up, by more tolerant 
species such as elms, ashes, linden, etc., in the development toward the 
climax forest. 

Succession in Bogs. —The hydrosere in bogs is different from that in 
ponds and lakes. A bog is an area of wet, porous land of which the soil 
is composed principally of partially decayed vegetable matter so loosely 
consolidated and containing so much water that the surface often shakes 
or quakes when one walks on it.®®®“ Bogs are different from ponds and 
lakes in being undrained. This results in deficient aeration and the; 
concomitant conditions of a poor bacterial and fungus flora and, often, 
of acidity. Bogs are most abundant in the glaciated portions of the 
north temperate zone where precipitation is great and regularly dis¬ 
tributed, evaporation low, runoff small due to undrained glacial basins, 
and where a rather long summer season affords conditions conducive 
to vigorous growth.®®®-®®^ 

The earlier stages of submerged and floating plants may be quite 
the same as for ordinary swamps, but medial and later stages are different. 
Instead of a process of filling up the depression, the bog is usually bridged 
over with a mat of vegetation which culminates in a forest. The third 
stage in development usually consists of a floating sedge mat which grows 
inward from the periphery of the bog over the open water. This is 
composed of various sedges, e.g., Carex filiformiSj rushes, etc., usually 
with much-branched, light, buoyant rootstocks. A tangle of roots 
arises from the nodes and extends into the water. Each year the mat 
extends farther outward, as new shoots grow from rhizome tips, and its 
older parts increase in thickness. Where the floating mat has reached a 
thickness of 18 to 24 inches, it may even support the weight of a man.®®® 
Sometimes the water willow {Decodon) plays a similar role. 

Various mosses, especially peat mosses (Sphagnum), find excellent 
conditions for growth about the moist tufts of sedges, etc. They retain 
water like an enormous sponge, dying below and growing above. Numer¬ 
ous shrubs such as cranberries (Vaccinium), leather leaf (Chammdaphne), 
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Labrador tea (Ledum)j poison sumac (Rhus), and bog rosemary 
(Andromeda) are characteristic of the subsequent stage. These are 
accompanied by numerous herbaceous species among which are pitcher 
plants (Sarrcuienia), sundews (Drosera), orchids, various ferns, buckbean 
(Menyanthes), and many others. 

Succeeding the shrubs are characteristic swamp trees such as tama¬ 
rack (Larix laricina), black spruce (Picea mariana), and white cedar 



Flo. 49.—Diagram illustrating stages in the origin of peat deposits in lakes from open 
water with submerged plants to the climax forest. {After Dachnowaki. Reproduced by 
permisaton from Geologi^ Survey of Ohio, BuU. 16.) 

(Thuja ocddentalis). In the Great Lakes forest, white pine is the climax 
stage (Fig. 49).®^® 

Variation in Stages and Dominants.—study of succession in many 
lakes and ponds or on numerous rock outcrops, etc., shows that variations 
occur in the number of stages as well as in the dominants of a given 
stage.In the seres just outlined, the usual stages have been described 
and representative dominants have been used to illustrate each stage. 
Some reed swamps may be entirely dominated by wild rice (Zizama), 
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just as certain rock ledges may be clothed with a xeric herbaceous 
vegetation that may include none of the preceding communities. But 
the general sequence of stages is the same whether the succession occurs 
in Maine or in New Mexico. 

Seres on primary areas, i.c., those previously unoccupied by plants, 
are designated as primary or 'priaeres; those on secondary areas such 
as lumbered, burned, flooded, or otherwise denuded ones are termed 
subseres. Since soil is already formed in subseres and germules usually 
on the ground, succession nearly always takes place much more rapidly. 
Usually, only the middle (medial) and final stages need be repeated. 
Succession after lumbering in a deciduous forest may consist simply 
of a shrub stage followed by the climax forest which has reproduced by 
sprouts from the bases of the stumps. In burned, coniferous forest, 
a liverwort-moss stage may be quickly replaced by one of herbs and 
this, in turn, after only 2 or 3 years, by shrubs, which are soon followed 
by trees.***-* Thus, the number of stages varies greatly. In siibseres there 
may be only 3 or 4 or fewer. Among priscres, the number is usually 
greater, sometimes 10 or more. 

The initial stages of primary seres are marked by extreme physical 
conditions and by correspondingly specialized life forms. Such primary 
areas as open water, rock, dune sand, etc., occur throughout the world. 
The life forms produced by them are likewise universal and are usually 
highly mobile. CoiLsequently, the pioneer aquatics of water areas, the 
lichens and mosses of rocks, the xeric grasses of dunes, and the halophytes 
of salt areas consist of much the same species throughout the Northern 
Hemisphere. Hence, the initial stages of water, rock, dune, or saline 
seres may be nearly or quite identical in widely separated regions. Some 
of the medial and the final stages of each are determined by the particular 
climatic climax under which they occur. From the extreme nature of 
primary areas and the plants in them, initial stages persist for a long 
time, largely because of the slowness of reaction and the incomplete 
occupation. Primary areas differ much in these two respects. The 
greatest duration is found in the initial stages of a rock sere. The stages 
of a water sere follow each other more rapidly, and those of a dune still 
more rapidly, though the extent of the area plays a part. 

As a consequence of almost universal use and misuse by man, subseres 
in every possible stage of succession constitute the most abundant of all 
communities.®^^ They occur most frequently in the form of the sub¬ 
climax {i.e.j next to the last stage), partly because this persists for a longer 
period than earlier stages and partly because it is quickly restored among 
trees and shrubs that form root sprouts, as well as among the closed-cone 
pines. In regions long settled, subseres form practically the entire 
cover of vegetation, apart from cultivated fields, and even these exhibit 
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the first stage after the annual harvest. Old fields, logged and burned 
areas, roadsides, and the roadbeds of railways furnish the great majority 
of subseral communities, but these are also typical of other kinds of 
disturbed places. In all instances, they possess definite indicator values, 
not only as to the agent and degree of disturbance, but likewise as to the 
course and rate of succession, and the possible methods and objectives 
in restoration. 

In addition to the subsere, there exists a miniature succession or serule, 
which resembles it in some respects. This occurs in fallen logs, decaying 
stumps, leaf litter, bodies of dead animals, offal, etc. It comprises 
minute or microscopic organisms for the most part, especially bacteria, 
molds, pore and gill fungi, sow bugs, spiders, and insects. Such suc¬ 
cessions are characteristic of forest in particular, where they serve to 
return all fallen'matter to the soil through the medium of decay and 
decomposition. 

Classification of Seres. —Seres are classified pri- 
Prisere manly upon the water content of the initial area in 

Hydrosere which they develop. With priseres, the extremes are 
Halosere marked and the quality of the water content also 

Xerosere frequently becomes controlling. Consequently, 

Lithosere hydroseres in saline areas are distinguished as (salt) 
Psammosero haloseres. Moreover, while the surface of rocks and 
Siibsere of dune sand may be almost equally dry, the differences 

Hydrosere of hardness and stability result in very dissimilar seres. 

Xerosere These are distinguished as (rock) lithoseres and (sand) 

psammoseres, respectively. In subseres, extreme conditions of water 
content are rare or they persist for a brief period only (Fig. 50). Hence 
it is sufficient to recognize but two subdivisions, hydrosere and xerosere. 

A Study of Other Types of Succession. —If access can bo had to graved slides, sand 
dunes, river bars, road cuts or fills, etc., the successions sliould be worked out as fully 
as time permits. Subseres occurring in abandoned fields or gardens, emt-over areas, 
etc., should also be; studied. Such seres may be found, at least in miniature, almost 
anywhere in disturbed places. 

The Climax. —Dcvcdopmontal processes have been going on for so 
long a time that on soils long formed the major portions of the area are 
usually' covered with the stabilized or climax vegetation. The initial 
and medial stages of succession may not be much in evidence. But 
they are found everywhere in suflScient abundance to give the complete 
story of the way in which vegetation has helped reduce into soil the solid 
rock of mountains, emerged ocean margins, or glacier-swept areas. 
In the rocky wastes of the mountains, on eroding cliffs and gravel-strewn 
talus slopes, this story is most vividly portrayed. The building of 
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ponds, lakes/lagoons, and marshes into dry land, just as it is taking place 
today) has occurred on an enormous scale in the past. This is shown by 
accumulations of peat and earth-covered seams of coal. 

While the general sequence of a sere is the same nearly everywhere, 
the degree to which it can develop, i.c., the climax community in which 
it ultimately terminates, is determined by the climate. Had the hydrosere 
described (p. 60) occurred in the grassland climax of Dakota or Kansas, 
shrub and woodland communities would have been eliminated and the 
sedge-meadow stage would have given way to prairie. In the Pacific 
Coast forest climax, the xerosere would have passed from the shrub 



Fio. 50.—Subsere alternea in New Mexico due to the removal of sod for adobe houseii, 
showing three stages of a subsere. 


stage to one of ponderosa pine followed by Douglas fir {Pseudotsuga) and 
tamarack (Lam) and possibly culminated ultimately in a forest of white 
cedar {Thuja) and hemlock {Tsuga). 

While the climax is permanent because of its entire harmony with a 
stable habitat, the equilibrium is a dynamic one and not static. Super¬ 
ficial adjustments occur with the season, year, or cycle. Annuals of the 
desert may be present in millions one year and absent the next. During a 
year or series of years of unusual moisture or drought, certain dominant 
grasses may seem to prevail one season and another species or group the 
following year. But these modifications are merely recurrent or indeed 
only apparent. While change is constantly and universally at work, in 
the absence of civilized man this is within the fabric of the climax and 
not destructive of it. Man alone can destroy the stability of the climax 










PLANT SUCCESSION 


81 


during the long period of control by its climate. He accomplishes this 
by fragments in consequence of destruction that is selective, partial or 
complete, and continually renewed. 

Subclimax.— Every complete sere ends in a climax when a point is 
reached where the occupation and reaction of the dominants or dominant 
are such as to exclude the invasion of other dominants. Frequently, 
however, the climatic climax is not developed on all the areas within the 
climatic control. The development of vegetation may be arrested in the 
subfinal (next to last) stage of the succession as a consequence of repeated 
burning, cutting, grazing, flooding, and other causes. This imperfect 
stage of development, in which the vegetation is held indefinitely either 
by natural or by artificial factors, other than climate, is termed the sub- 
climax. * It is the stage immediately preceding the climax in all complete 
seres, both primary and secondary. In contrast to the original climax 
areas, those occupied by subclimaxes are relatively small, the chief 
exceptions being those resulting from fire or from logging and fire com¬ 
bined. Subclimaxes are, however, often exceedingly numerous. 

Subclimaxes of “jack pines” result from fire, or lumbering or clearing 
iollowed by fire. These are chiefly species with closed cones that open 
most readily after fire. For example, extensive subclimaxes of jack pine 
(Pinus banksiana) occur in the lake forest. Similar areas dominated by 
pure stands of lodgepole pine (P. murrayana) are frequent in the Rocky 
Mountains, while long-leaf pine (P. palustris) and loblolly pine (P. taeda) 
play a similar role in the “piney” woods of the Atlantic-Gulf states. 
The characteristic subclimaxes of the boreal forest are composed of aspen 
(Populus tremuloides) j balsam poplar (P. halsamifera)^ and paper birch 
{Betula papyrifera)j either singly or in various combinations. Aspen 
also forms a notable subclimax in the Rocky Mountains, for the most 
part in the subalpine forest. 

Prisere subclimaxes are regular features of bogs and muskegs through¬ 
out nearly the entire extent of both boreal and lake forests. Where pines 
are absent in the region of the deciduous forest, post oak and blackjack 
oak may constitute a subclimax. Subclimaxes in grassland are com¬ 
posed largely of tall grasses, as tall marsh grass {Spartina peciinaia) in 
true prairie and giant wild rye {Elymus condensatus) in mixed prairie. 
Chaparral constitutes a fire subclimax where it extends beyond its 
proper climatic limits into the montane or even subalpine zone. Wood¬ 
land is frequently reduced to scrub by fire, and the scrub often persists 
wherever repeated fires occur (Fig. 51). Even where fires cease after 
the settlement of a region, scrub subclimaxes may persist for a long time 

* Where development is arrested and held indefinitely at some earlier stage, it is 
defined as a serclimax^ such as the Everglades of Florida, the cypress-gum swamps of 
the Gulf Coast, and the tule marshes of California. 
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because of the more or less complete removal of the forest. Long-con¬ 
tinued overgrazing has reduced the portion of the mixed prairie, often 
designated as “short-grass plains,” to an apparent subclimax, but 
actually a community resulting from disturbance, the mid-grass layer 
having almost entirely disappeared. 

Preclimax and Postclimai^. —The formations of a continent stand in a 
definite climatic relation to each other, best seen in miniature on the 
slopes of a high mountain range. An effective change in climate will 
cause each one to replace the next but without disturbing their essential 
arrangement. A shift in the direction of greater rainfall will permit the 
more mesophytic to replace the less mesophytic throughout the series, 
while a swing toward less rainfall will favor the more xerophytic com- 



Fig. 61.—Chaparral subclimax in California due to fire. The pines are relicts of a former 

forest. 

munity at each line of contact. For example, the woodland formation 
of the southern Rockies, consisting of junipers, pines, and oaks, lies 
above the grassland to which it is postclimax but below the montane 
forest of ponderosa pine and Douglas fir to which it is preclimax. Like¬ 
wise, the alpine tundra of the high Rockies is preclimax to the subalpine 
forest below timber line. ' The latter is postclimax to the tundra but 
preclimax to montane forest which has the climate (water-evaporation- 
temperature complex) more favorable to growth. 

This relationship is true not only for altitudinal distribution but also 
for latitude. At the onset of the glacial period the arctic tundra migrated 
southward, slowly replacing boreal forest. The boreal forest encroached 
upon the lake forest and the latter pushed far southward into the terri¬ 
tory of the deciduous forest. With the retreat of the glaciers under the 
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influence of a warmer climate, the reverse movement occurred. Thus 
each of these formations plays a double role. It is a preclimax to its 
more mesophytic neighbor and a postclirnax to its more xerophytic one. 
This is true also of the associations of a formation. Mixed prairie, for 
example, is preclimax to true prairie but postclimax to the desert plains. 
Under the fairly static conditions of a major climatic phase the movement 
of climaxes or associations is only a potential one. Studies of past 
climates and community migrations show, however, that during moist 
periods of long duration the deciduous forest extended far westward into 
the grassland formation, which in turn encroached upon the deserts. 
Conversely, during similar dry periods, deserts have encroached upon 
grasslands, and the latter have advanced far into bordering forests. 

In order to understand the present distribution of plant communities, 
the student of vegetation must know something of what has happened 
in the past. A unit of vegetation by itself represents but a segment of 
the dynamic flow of processes. The great climatic changes of the past 
have everywhere left relict communities that bear either a preclimax or 
postclimax relation to the surrounding climaxes of the present day. 
These may occur either between climaxes or entirely within one or the 
other. 

A relict is a community or fragment of one that has survived some 
important change. It often appears to be an integral part of the existing 
vegetation. Thus hemlock (Tsuga canadensis) constitutes relict groups 
in the maple-beech forest of the eastern United States.^®® Tall bluestems 
{Andropogon) are relicts in the sand hills of Nebraska, and certain other 
grasses are relicts in the desert scrub of Death Valley. The term is also 
applied to the individual or the species, as in successional stages, but in 
nearly every case a community of some degree is concerned^; .Helict 
communities indicate the operation of a compensatory or protective 
feature. Compensation for reduced rainfall, in the case of the dry phase 
of a great climatic cycle, may be provided by altitude, by northerly slope 
exposure, or by sandy soil. Elevation or a barrier may protect local areas 
of vegetation from general flooding or lava flows, or modify the force and 
direction of the wind which causes the drifting of sand or the running of 
fire throughout the community as a whole. Relicts may also be due to 
human agencies such as fencing (exclosures), fire lines, etc., but by far 
the greater majority of these are caused by topographic features such as 
altitude, slope exposure, ridges, or valleys (Fig. 52). For example, 
deep narrow gorges of central western Oklahoma still harbor relict forests 
of deciduous trees, of which sugar maple {Acer saccharuin) may be the 
chief dominant. Likewise, paper birch {Betula papyrifera) has been 
relict in deep canyons of northern Nebraska since the retreat of the ice 
following glaciation. 
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Preclimax ,—Preclimaxes are most clearly marked where two adjacent 
formations are concerned, such as prairie and forest. Examples are 
seen in the grassy ''openings” and oak savannas of the deciduous forest, 
and in the so-called "natural parks” which are grassy areas along the 
margins of montane forest. They are also well developed on dry slope 
exposures in the Rocky Mountains. Here the compensation is afforded 
by a local climate due to more direct insolation; in the preceding exam¬ 
ples usually by a sandy or rocky soil. Preclimaxes of desert shrubs have 
been left stranded in mixed prairie- and desert-plains grassland by the 



Fia. 62.—Hclict mixed prairie in eastern New Mexico. 


recession of the last great dry phase of climate. Creosote bush and 
sagebrush are examples. Usually, however, these species have profited 
by the overgrazing of grasses to extend across a territory much larger 
than that in which they are now climax. These preclimaxes must be 
distinguished from subclimaxes. In subclimaxes, when the disturbing 
factor is removed, reaction of the vegetation leads to the entry of the 
climax dominants with a change in plant populations. In preclimaxes, 
compensation by local factors is rarely if ever to be overcome within the 
existing climate, short of man-made disturbance. 

Within the same formation, the more xeric associations or consoci¬ 
ations are preclimax to the less xeric ones. This is the general relation 
between oak-hickory and beech-maple associations of the deciduous 
forest; the oak-hickory occupies the warmer, drier sites, produced 
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by insolation or type of soil, in the beech-maple forest. In the mon¬ 
tane forest of the Rocky Mountains, the consociation of ponderosa 
pine is preclimax to that of Douglas fir. A similar condition recurs in 
all forests where there is more or less segregation of the dominants into 
consociations. 

Postclimax .—Major examples of postclimaxes are provided by valleys, 
especially gorges and canyons, long and steep slope exposures, and by 
extreme soil types. As a general rule, postclimax relicts are much more 
abundant than those that represent preclimaxes. This is due, in part, 
to the large number of valleys, sand hills and sandy plains, and escarp- 



Fiq. 63.—Postclimax of scrub and woodland in the prairie climax in North Dakota. Th 
shrubs are bufTulo berry and serviceberry; the trees, elm, ash, and bur oak. 

ments in the grassland especially. Postclimaxes of oak-hickory and 
their flood-plain associates, elm, ash, walnut, etc., are characteristic 
features of true and mixed prairies (Fig. 53). They extend far westward 
in major valleys but are limited as outliers on ridges and sandy stretches 
near the eastern edge. The compensation of the last two habitats is 
usually so incomplete that the postclimax is typically reduced to the 
savanna •type. 

The Cross-Timbers of Texas are postclimax on sandy soil surrounded 
by climax grassland. A similar savanna forest occurs northward in 
Oklahoma, mostly consisting of post oak and blackjack oak. With 
decrease of rainfall the trees dwindle at first to 4 or 6 feet in height and 
finally to dwarfs only "shin" high, known locally as "shinnery." With 
these are associated tall grasses such as big bluestem, sand reed, etc., 
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forming a postelimax in the mixed prairie. Farther northward the oaks 
are absent and the tall grasses form a typical postclirnax that extends on 
sandy soil into Canada. 

The compensatory influence of sand is still sufficient to permit an 
abundance of such low bushes as New Jersey tea (Ceanothus)^ lead plant 
(Amorpha canescens) , sand sage {Artemisia filifolia)^ and Yucca y as well 
as depauperate hackberry and aspen. In the vast sand-hill area of 
Nebraska, the tail-grass postclimax attains its best development, which 
is assumed to reflect the climate when the prairies were occupied by the 
bluestems and their associates some millions of years ago. The gradual 
decrease of the rainfall to the present has led to the tall grasses finding 
refuge in all areas of edaphic compensation, not only in the sand but like¬ 
wise on foothills and in valleys. 

Postclimax savanna woodland is an almost universal feature where 
forest, woodland, or chaparral touches grassland. It results from the 
fact that shrinkage under slow desiccation, which has occurred since 
Cretaceous time, operates gradually upon the density and size of in¬ 
dividuals. Thus, savanna is derived from the reduction of the aspen 
community of the boreal forest along the southern edge. On the western 
borders along the front ranges of the Rockies, postclimax savanna of 
pines extends outward along streams, escarpments, or plateaus with 
higher rainfall, far into the mixed prairie. Savanna is derived from 
the woodland or chaparral on the western and southern borders. Here 
mesquite {Prosopis juliflora) forms a widespread postclimax savanna 
that often resembles a true woodland climax. 

Disturbance Climax. —The most frequent examples of this com¬ 
munity result from modification or replacement of the true climax, 
either as a whole, as l;)y cultivation, or in part, as in the practice of grazing. 
It may also result from a change in the direction of succession. Dis¬ 
turbance climaxes or discUmaxes are nearly always the result of disturb¬ 
ance by man or domesticated animals. In some cases disturbance and 
the introduction of alien species act together to produce a crommunity 
with the general character of the original climax. This is well illustrated 
by the almost complete replacement of the bunch-grass prairie of Cali¬ 
fornia by wild oats and brome grasses {Avenn-lironms disclimax). A 
similar replacement by downy brome grass {Hrornus tectorum) has taken 
place over large areas of the Great Basin. An even more striking phe¬ 
nomenon is the steadily increasing dominance of Russian thistle (Salsola) 
over range and crop land in the west. All cultivated crops, whether 
fields of rice, maize, alfalfa, or wheat, are to be regarded as disclimaxes. 

The short-grass plains represent a reduction of the mixed prairie due 
to overgrazing, supplemented by periodic drought. Over most of this 
area, mid grasses, such as needle grass (Stipa) and wheat grass (Agro- 
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pyron)j etc., are still in evidence, though often reduced in abundance and 
stature, but in some areas they have been practically eliminated. Similar 
though less extensive disclimaxes characterize short-grass pastures in 
true prairie and both pastures and ranges in the coastal prairie of southern 
Texas. The grasses concerned here are species of grama grass {Boute- 
hua), buffalo grass {Buchloe), and curly mesquite {Hilaria). 

In mixed prairie, continued overgrazing results in the fragmenting of 
the short-grass sod and permits the dominance of prairie sagewort 
{Artemisia frigida) or snakeweed (Gutierrezia). Similar disclimaxes of 
sagebrush {Artemisia tridentata) in the west and southwest and creosote 
bush (Covillea) in the southwest result from grazing. ''Towns” of 
prairie dogs and kangaroo rats often represent more or less extensive 
disclimaxes. In range lands disclimaxes of various species of cacti 
(Opuntia) occur widely, the plants possessing the double advantage of 
protective spines and ready propagation. 

Other grass disclimaxes are produced the world over as a result of 
grazing, or of burning and grazing combined, and they persist just as 
long as these disturVjances recur.®"'®^*^” The range lands of the Wasatch 
Mountains in Utah pass through various stages of development, which 
culminate in a cover of wheat grasses (Agropyron) to constitute such a 
disclimax. Coniferous forest, preceded by chaparral, constitutes the 
true climax. When the cover of wheat grasses, which have formed a turf 
excluding most other plants, is broken by destructive grazing or other¬ 
wise, both deep-rooted and shallow-rooted species can successfully 
invade. Thus the yellowbrush-needle grass (Chrysothamnus-Stipa)^ 
which constitutes the mixed grass and weed stage^ becomes established. 
W'^here the turf-fonning wheat grass is permitted to redevelop, it again 
completely occupies the area, entirely replacing the yellowbrush and 
needle grass. So completely do the roots occupy the soil that prac¬ 
tically all of the water is absorbed in the surface foot, and deeper rooted 
plants die. On the bunch type of wheat-grass land they may persist as 
subdominants. 

Further overgrazing of the yellowbrush-porcupine grass community, 
which includes considerable bluegrass (Poa), fescue grasses {Festuca)f 
and scattered stands of the relict wheat grasses, causes the invasion by a 
still earlier stage. This is characterized by brome grasses (Bromus)^ 
beard tongue {Pentstemon) , sagewort {A rtemisia) , yarrow {A chillea ), 
etc., and is designated as the second or late-weed stage. These invaders 
are turf-forming perennial weeds. Associated with them are various 
short-lived, perennial herbs, many of which propagate only by seed. 
Continued heavy grazing, which not only destroys the perennials but also 
permits soil erosion, depletion of humus, and heavy leaching of nutrients, 
results in a very open plant cover largely consisting of annual weeds. 
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Thus, the firH or early-weed stage characterized by lamb’s-quarters 
(Chenopodium), tansy mustard (Sophia) knotgrass (Polygonum), etc., 
replaces the second or late-weed sta^e. 

By judicious range management the subclimax wheat-grass disclimax, 
which is especially well suited to the grazing of cattle and horses, may be 
indefinitely maintained. Slight overgrazing produces the highest type 
of development of the mixed-grass and weed stage which, because of its 
large variety of palatable plants, is probably the most desirable, all classes 
of stock considered, and especially so for sheep. Thus, the intensity of 
grazing determines the disclimax stage of development. The principle 
is applicable to pasture lands generally 

Repeated flooding of lowlands makes conditions favorable to the 
growth of wild rice (Zizania) and many other hydric plants which furnisli 
excellent food for wild ducks, geese, and other game. Such disclimaxes 
may be indefinitely maintained. In New England, disclimaxes of 
cranberry swamps may be maintained by properly regulating the water 
level with much more profit than permitting the natural development 
of forest. By judicious burning, blueberry scrub may be held as a 
disclimax.*^® 

Selective cutting not infrequently initiates disclimaxes, as may the 
.similar action of such other agents as epidemic disease. The most 
dramatic example is the elimination of the chestnut (Castanea dentaia) 
from the oak-chestnut canopy, but of even greater importance has been 
the extreme reduction and fragmentation of the lake forest through the 
overcutting of white pine. 

There is an incireasing need for the experimental study of succes¬ 
sion. A thorough understanding of succe.ssional phenomena in forests, 
pastures, ranges, abandoned fields, etc., is of the utmost importance in 
properly pursuing the several lines of industry concerned and in con¬ 
serving the national resources. 



CHAPTER IV 


THE UNITS OF VEGETATION 

The climate over an extended area of land, such as a continent, is 
usually very diverse and conditions for plant growth correspondingly 
different. Distance from the ocean, differences in latitude and altitude, 
etc., all profoundly affect precipitation and temperature as well as other 
climatic factors. Vegetation responds by its distribution into groups, 
each of which is in close equilibrium with its particular climatic complex. 
Such major groups as forest, grassland, and desert have long been 
recognized. 

The Formation. —The plant formation is the major unit of vegetation. 
It is a fully developed or climax community of a natural area in which the 
essential climatic relations are similar or identical. Each formation is a 
(?omplex and definite organic entity with a characteristic development 
and structure. It is a product of the climate and is controlled by it.^®^ 
The deciduous forest of the east, the coniferous forest of the Great 
Lakes region, the tundra of the far north, and the grassland of the 
central west are examples. Every formation is delimited by climate. 
The rainfall and evaporation of the Ohio Valley region are very different 
from those of the prairie plains. The temperature of forest-covered 
mountain slopes is quite unlike that of the alpine meadow above timber 
line. A climate marked by a moderately long, warm, fairly humid 
summer, which is favorable to trees with deciduous leaves, and by winters 
during which the surface soil is frozen and absorption retarded will be 
characterized by a deciduous forest. 

While the greater portion of a climatic region is occupied by the 
climax vegetation characteristic of it, many areas in which new or 
denuded soils occur show various stages of development. In the decidu¬ 
ous forest climax, for example, marshes may be populated by cattails 
and dry ridges by shrubs. But these are only stages in the development 
of the vegetation. Wlien the annually accumulating plant debris with 
its admixture of water- and wind-borne soil builds up the marshy lowland, 
trees will ultimately occupy the area, because the climate is congenial 
to trees. When the decaying roots, stems, and leaves of the shrubs, etc., 
add enough humus to cause the soil of the eroding ridge to hold more 
water, it too will become forested (Fig. 54). 

89 
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Thus like other but simpler organisms, each climax has its own 
growth and development, in terms of primary and secondary successions. 
A formation arises, grows, matures, and finally dies. The formation, 
moreover, is able to reproduce itself, as may be seen after fire, lumbering, 
or other catastrophe to the vegetation. It also has evolved during 
geologic time out of a preceding climax, and with profound change in 
climatic control it will be replaced by a new formation. 

This developmental point of view is exceedingly important, since it 
furnishes a dynamic working basis for the classification of vegetation. ^ 



Fig. 54.—A boulder in a (?oiiiferou.s forest of New York on w^luch llie soil blanket 
has become heavy enough to support approximately climax forest vegetation. {Photograph 
by W. L. Bray.) 


Climaxes, however, are characterized by a high degree of stability to lie 
reckoned in thousands or even millions of years. The midcontinental 
grassland climax evolved 20 to 30 million years ago as a consequence of 
change in climate resulting from the uplift of the Rocky Mountains. 
The deciduous forest climax is much older. Climaxes display superficial 
changes with the season, year, or cycle, but oven successive years of 
abnormal rainfall or unusual temperatures have little or no permanent 
effect upon their composition and structure. 

The major divisions or units of the vegetation of a continent are the 
highest expression of vegetation possible under a particular climate, 
grasses, sedges, and 'ichens in tundra, scattered shrubs in sagebrush 
desert, and dense jungles of trees, shrubs, and lianas in the tropics. 
Consequently, the formation is designated as a climax or climax forma- 
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tion.* The climax is not merely the response to a particular climate, but 
is at the same time the expression and indicator of this climate. The 
visibility, continuity, and fixed nature of the plant community are 
peculiarly helpful in indicating the fluctuating limits of a climate. The 
vegetation integrates the climatic factors and expresses them in terms of 
food manufacture, growth, and life forms. 

Dominants.—The visible unity of the climax is due primarily to the 
dominants or controlling species. All of these be’ong to the same life 
form. In prairie and steppe this is the grass form, ?.c., the climax 
dominants are all grasses and sedges. Sedges are especially charac¬ 
teristic in tundra. The shrub life form characterizes the three scrub 
climaxes of North America, viz.j desert, sagebrush, and chaparral. The 
tree appears in three subforms, coniferous, deciduous, and broad-leaved 
evergreen, to typify the corresponding boreal, temperate, and tropical 
climates. Just as each stage in succession has its temporary or serai 
dominants, so too each formation has its climax dominants. Many are 
major dominants that range throughout and bind the associations of a 
climax; others are more or less closely confined to one association and 
hence characterize it, while still others are more limited and hence of 
lesser importance. Thus eight species of grasses, including blue grama 
{Bouidoua gracilis) and western wheat grass {Agropyron smithii)^ occur 
very widely in the grassland formation. White pine {Pinus strobus) 
occuired throughout the much decimated lake forest formation. Like¬ 
wise, numerous oaks (red, black, white, bur, scarlet, and others) and 
many hickories (shellbark, mockernut, bittemut, and pignut) range 
more or less throughout the deciduous forest climax. 

The dominants of related associations for the most part belong to a 
few common genera. There are a dozen species of needle grass variously 
distributed as dominants in the grassland, such as Stipa spartea in true 
prairie, >S. comata in mixed prairie, and S. pulchra in the California 
prairie. In deciduous forest, oak (Quercus), hickory (Carya)^ and maple 
(Acer) are the great genera. Many species of the sage genus {Artemisia) 
occur in the sagebrush formation, and various species of firs {Abies) 
and pines {Pinus) are found in the associations of the subalpine forest. 
Thus, most of tire dominant genera extend throughout the formation, 
although usually represented by different species. 

Each formation is named after two of its most widely spread and 
important dominants. Examples are the cedar-hemlock {Thuja-Tsuga) 
or coast forest climax and spruce-larch {Picea-Larix) or boreal forest 
climax (Fig. 55). A complete list of the climaxes of North America is 

* This U^rm is occasionally used for emphasis, since climax and formation are 
exact synonyms. The word “climatic” is sometimes added for the same purpose, 
but as the root of the term indiciif. s. every climax is climatic in nature. 
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given on page 481, and an idea of their relative extent may be gained by 
an examination of the Frontispiece. 

More than a century ago when Lewis and Clark set out upon their 
memorable journey across the continent of North America (1803-1806), 
they were the first to traverse the great climaxes from deciduous forest 
in the east through the vast expanse of prairie and plain to the majestic 
coniferous forest of the northwest. At this time the oak-hickory wood¬ 
land beyond the Appalachians was almost untouched by the ax except 
in the neighborhood of a few straggling pioneer settlements, and west of 
the Mississippi hardly an acre of prairie had known the plow. Nearly 



Fig. 65.—Climax forest of Douglas fir {pBeudoiauga taxifolia) in Colorado. 


the whole area of each climax was then occupied by the dominant species. 
With the advent of civilization, there followed great destruction of natural 
communities by fire, by lumbering, and by clearing land for cultivation. 
This has added greatly to the diflSculty of dravdng exact boundaries 
between formations. Such difficulties may be appreciated when it is 
realized that developmental studies have not yet determined whether 
or not all of the climatic areas are actually occupied by the type of vege¬ 
tation which they may ultimately support. Part of the area covered by 
chaparral, for example, may have a forest climate, the trees being held 
in check by repeated fires. Sagebrush and desert scrub may exist under 
a grassland climate in part, the grasses having largely disappeared as a 
result of severe overgrazing during times of drought. 

In delimiting climates and climaxes, the plant is the ultimate criterion, 
and climatic measurements must be interpreted in terms of plant ^owth. 
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From the human standpoint, eastern Washington and central Kansas 
possess distinct climates, but in terms of wheat production and grass¬ 
land vegetation, they are very similar. Likewise, the winter in Sas¬ 
katchewan is long and the summer short, while in Texas just the reverse 
is true* But the short growth-period of grama grass fits into the short 
summer of Saskatchewan as readily as it does into the early summer of 
Texas, with the result that this dominant covers large areas in both. 

The Association. —Every climax formation consists of two or more 
major subdivisions known as associations. These are climax communi¬ 
ties associated regionally to constitute the formation. The number of 
associations in a particular formation is naturally determined by tht 



Fig. 56.- -Detail of the oak-hickory association. A society of May apple {Podophyllum) 

occurs on the forest floor. 

number of subclimates within the general climate of the formation. 
Each association is marked by one or more dominants peculiar to it 
(Fig. 56). Often there are also differences in the rank and grouping of 
those dominants that range throughout the formation. For example, 
the portion of the grassland formation between the deciduous forest 
climax and the Rocky Mountains consists of true prairie in the best- 
watered eastern part, mixed prairie in the area of intermediate rainfall, 
and desert plains in the very arid southwest. Each of these constitutes 
a separate association. Two dominants of true prairie are Stiya spartea 
and dropseed (Sporoholus heterolepis); two of mixed prairie are needle 
grass (Stipa coinata)^ and buffalo grass (Buchloe dactyloides); while grama 
grass (Bouteloua rothrocki) and triple awn (Aristida divaricala) are 
examples of dominants in the desert plains. Moreover, blue grama grass 
{Bouteloua gracilis)^ which ranges throughout these associations, is of 
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very minor importance in true prairie but of major rank in the mixed 
prairie and of intermediate value in the desert plains. Ponderosa pine 
and Douglas fir constitute an association of the montane forest formation 
in the Rocky Mountains and siigar pine-white fir a second association 
in the Sierra Nevada-Cascades of the far west. 

An association is similar throughout its extent in physiognomy or 
outward appearance, in its ecological structure, and in general floristic 
composition. To illustrate: The mixed-prairie association is similar 
everyi^'here in having an upper story or layer of mid-grass dominants and 
a lower one of short, mat-forming grasses. Needle grass, wheat grass, or 
June grass overtops the buffalo grass and grama grass or sedges of similar, 
low-growing habit. These, like many subdominant legumes, composites, 
etc., range throughout the association. 

The Consociation. —Every association consists of several dominants, 
sometimes ten or more. In its typical form the consociation is con¬ 
stituted by a single dominant, but as a matter of convenience the term 
is also applied to areas in which other dominants are but sparingly present 
and hence have no real share in the control of the community. Thus, in 
true prairie a dominant such as little bluestem {Andropogon scoparim), 
needle grass (Stipa sparteQ)^ or wdieat grass (Agropyron srnithii)^ may 
control more or less exclusively or dominate an area to such an extent 
that it is far more important than any of the others. Accordingly, 
within the tnie prairie association there (H'cur little-bluestem, needle- 
grass, and other consociations. It is cornHUiient to refer in the abstract 
to each major dominant of the association as a consociation, though 
with the realization that it may occur more frequently in mixture than 
by itself (Fig. 57). In this sense it may be considered a unit of the 
association, though the actual area of the latter is to be regarded as 
divided into definite groupings of dominants or faciations. 

The consociation is plainly expressed over a considerable area only 
when the habitat factors, especially water content of soil, fluctuate within 
the limits set by the requirements of a dominant. This is well illus¬ 
trated by the consociation of ponderosa pine (Pinus ponderosa) in the 
lower part of the montane forest formation. In the Rocky Mountains, 
forests of nearly pure ponderosa pine occur over great areas; others 
support extensive forests of Douglas fir {Pseudotsiiga taxifolia). These 
represent two consociations of the montane forest formation. The 
former extensive stands of nearly pure white pine {Pinus strobus) in the 
region of the Great Lakes were representative of the pine consociation of 
the pine-hemlock association. A consociation is also well demarked 
when the other dominants are not found in the region. An example is 
the Engelmann spruce {Picea engelmanni) consociation in the Front 
Range of Colorado, its usual associate, alpine fir (Abies lasiocarpa). 
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being absent from the district. It sometimes happens that one dominant 
occupies an area so completely as to exclude the others simply because 
it invaded first, although the habitat was equally suitable to all. 

The consociation dominants of an association fall into a more or less 
regular series as regards factor requirements, especially water content, 
and consequently often exhibit donation. For example, in mixed 
prairie, western wheat grass (Agropyron smithii) often, oc.cupies swales 
and lower slopcjs, and needle grass {Stipa comaia) the upper slopes and 
ridges. Likewise, in the rolling topography of the true prairie, each 



Fia, 57.—Consocifttion of red oak {Quercus borealis). 


dominant recurs constantly in the proper situation, little bluestom on 
the slopes, prairie dropseed or needle grass on the drier ridges and levels, 
and big bluestem on the lower slopes and wedl drained lowlands. Thus, 
each of these consociations is regularly fragmented in nature. Where 
areas of intermediate factor values occur, there is an hitermingling of 
the dominants. 

The Faciation. —This is the concrete subdivision of the association, 
characterized not by pure dominance but by the grouping of dominant 
or controlling species. Except for the fragments of the several con¬ 
sociations (where complete or nearly complete dominance of one species 
occurs) and for serai stages, the entire area of the association is composed 
of its various faciations (Fig. 58). On the Great Plains three of the 
several groupings of dominants that constitute faciations are needle 
grass-blue grama, needle grass-wheat grass-buffalo grass, and blue grama- 
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buffalo grass. Each faciation corresponds to a particular regional climate 
of real but small differences in precipitation, evaporation, and tempera¬ 
ture. In general, temperature appears to play the leading part in the 
arrangement of grassland faciations, since they really fall into a sequence 
determined by latitude or altitude. A similar disposition is seen in the 
three major faciations of the oak-hickory association, characterized 
respectively by ^ northerly, a southerly, and a central overlapping group 
of species of oaks. 

The Society. —Within the area of vegetation under the control of a 
dominant or group of dominants, i.e.y within the consociation or faciation, 



Fiq. 58.—Faciation of Stipa pennata and HilaHa jameaii. Poach Springs, Ariz. 


certain subdominant species may exert local control. The many-flowered 
psoralea (Psoralea floribunda) is often so abundant in the little-blue- 
stem consociation that for a time it overtops and almost obscures 
the grasses. The same is true of the daisy fleabane (Erigeron ramosus\. 
ground plum {Astragalus crassicarpus), and numerous other forbs (Fig. 8). 
These local communities are called societies, A society is a community 
characterized by one or more subdominants, i.c., species of different life 
form from those of the regional dominants. The latter strongly influence 
and sometimes largely determine, especially by shading, the rest of the 
species belonging to the association. 

The species forming the society are very abundant over portions of an 
area already marked by the dominance of consociation or faciation. 
That is, the society is a localized or recurrent grouping of subdominants 
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within a general dominance. In grassland, b society is usually con¬ 
spicuous for only a part of the season. While the dominants such as 
needle grass, wheat grass, or buffalo grass are present and controlling at 
all times, Psoraha, Erigerorij and Astragalus are conspicuous and play 
an important role in vegetation only at certain times of the year. They 
are subdomj'nant or subordinate to the grasses, depending largely on the 
factors, such as water content, in excess of that required by this dominant 
life form. 

Societies in forests are found only beneath the primary layer of trees, 
and their subdominance is obvious.' Their development and abundance 
are largely determined by the amount of available light and moisture. 
They may attain much prominence when the canopy is not too dense. 
Such societies as gooseberries, witch hazel, jack-in-the-pulpit, and straw¬ 
berries are illustrative. In forest and woodland, societies consist of 
herbs, shrubs, and even species of small trees; in grassland, of forbs and 
half-shrubs. Particular societies are not confined to a consociation or 
faciation, but may occur widely throughout the association. They may 
extend more or less uniformly over wide stretches or be repeated wherever 
development or physical factors permit. 

Two kinds of societies may be distinguished, one in seasonal aspects^ 
the other in layering. The most casual observation shows that in a 
climate with well marked seasons, different species of an association 
make their most vigorous growth, flower, and fruit at different periods 
of the growing season. A little study reveals that the species tend to fall 
into rather distinct groups, the flowe'.ring of each group giving a distinct 
aspect to the association. Aspect societies are usually most conspicuous 
and best developed in grassland. Four distinct aspects occur in tnie 
prairie from early spring to autumn. Thus, in eastern Nebraska, certain 
sedges (Cara), prairie cat\s-foot {Antennaria)^ and prairie windflower 
{Anemone) stand out conspicuously during April against the brown 
background of dry grasses and herbs. They constitute the early spring 
or prevernal aspect. Each species forms an aspect society. During May, 
the purple and blue of societies of ground plum {Astragalus), the massive 
cream-colored racemes of false indigo {Baptisia), and the bright yellow 
heads of Senecio, with many other spring or vernal societies, add tone to 
the landscape. But by June most of these have waned and the prairies 
until late July are characterized by extensive summer or estival societies 
of many-flowered psoralea (Psoralea), daisies {Erigeron), niggerhead 
(Echinacea), lead plant (Amorpha), rose, and many others. Then, 
again, the scenes are shifted. The purple of the autumnal societies oi 
i>lazing stars (Liatris) is mixed with the yellows of goldenrods (Solidago) 
and sunflowers (Helianthus). These with the asters and numerous other 
species mark the end of the growing season. 
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Seasonal aspects are determined primarily by the seasonal march of 
habitat factors, of which temperature and length of day are the most 
important. So far as the plants themselves are concerned, they may be 
in evidence throughout the entire growing season, but they give character 
to the matrix of vegetation only during the period of flowering. In 
grassland and desert, they are often more striking than the dominants 
themselves, sometimes owing to large size but chiefly as an effect of color 
and abundance. There are usually three aspects in mixed prairie and 
two major ones—those of winter and summer—in desert and desert plains. 
Both arctic and alpine tundra, because of the short growing season, 
usually exhibit but two aspects. In woodland the number and character 



Fig. 59.—Layer society of dog’s-tooth violet (Erythronium) in the early spring aspect of 
the oak-hickory forest at Lincoln. 


of aspect societies depend largely upon the nature of the canopy. In 
deciduous forest the flowery aspect societies regularly belong to spring 
and autumn when foliage is either developing or disappearing (Fig. 59). 
Characteristic forbs of spring are bloodroot (Sanguinaria)^ spring beauty 
{Claytonia)y dog's-tooth violet {Erythronium), violets {Viola), columbine 
{AquiUgia), squirrel corn {DiceMtrdj, and many others. Autumnal 
societies include Aster, Solidago, Eupatorium, Helianthus, Silphium, 
Verbesina, and various other composites. 

Layer societies are best developed in forest with a canopy of medium 
density. Under the most favorable conditions as many as five or six 
may be recognized. In such forests there are usually two stories of shrubs, 
an upper and lower, often much interrupted. Tall, medium, and low-forb 
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layers occur, and below them a ground community of mosses and liver¬ 
worts, lichens and other fungi, and usually some delicate annuals. They 
are not usually continuous but more or less interrupted, largely depending 
upon the amount of light passing through and between the crowns of the 
trees and, in part, upon soil moisture and other factors. Because of the 
low light intensity, a single layer of low herbs alone may occur in climax 
forest, especially of conifers, and even this may be lacking in dense 
chaparral. Three layers of forbs occur in true prairie, one near the 
soil, a second at the midsummer level of the grasses or just above it, and 
a third, consisting of taller plants, which distinctly overtops the grasses. 
Layers are almost lacking among the widely spaced dominants of sage¬ 
brush and desert scrub, but otherwise occur in the majority of associations. 

The units of climax vegetation are arranged below in their proper 
sequence or rank. Here are included the corresponding serai units, 
which characterize vegetation in the process of development towards the 
climax. 

Climax Sbhal 

Climax or Formation 

Association Associos 

Consociation Consocies 

Faciation Facies 


Society Socies 

A8pe<;t Aspect 

Layer Layer 

Colony 

Family 

The Associes. —The associes is the developmental equivalent of the 
association. Tins name is used where the community is not permanent 
but is replaced by another in the process of development or succession. 
A group of floating plants such as pondweeds, water lilies, and water 
shield form the associes of the floating stage. A community of cattails, 
bulrushes, reeds, etc., represent only a temporary stage of development, 
Lc., the reed swamp or amphibious associes. As the pond shallows, they 
will be replaced by other kinds of plants. In the hydrosere of the decidu¬ 
ous forest, the typical stage just preceding the climax is that of the flood- 
plain associes (Fig. 60). It is composed of elm, ash, walnut, hackberry, 
sycamore, sweet gum, poplar, willow, etc. The swamp associes of the 
lake and boreal forests consists of tamarack, black spruce, and arbor- 
vitae. Following fires in the boreal and northern forests of the Rocky 
Mountains, the aspens and birches form associes cx)vering thousands of 
square miles. Likewise, an associes of two or more species, such as dog¬ 
wood, sassafras, persimmon, papaw, witch hazel, cherry, black locust, 
etc., occurs widely in the deciduous forest area. On the flat, poorly 
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drained lands of southwestern Ohio and southern Indiana in the develop¬ 
ing maple-beech climax, the pin oak-red maple-sweet gum associes is 
the initial forest stage. It is followed by an intermediate associes of 
white oak-pin oak-shellbark hickory. The last developmental stage, just 
preceding the maple-beech climax, is the white oak-beech associes.®? 
The subclimax of the deciduous forest xerosere is constituted for the 
most part of species of oak, forming an eastern, a southeastern, and a 
western associes. 



Fig. 60.—Aii associos of walnut (^Juglans) and 6lin (Ulmvs') or a flooH plain. 

The Consocies. —In an associes (developmental association), eacli 
dominant may occur singly to form a consocies (developmental consoci¬ 
ation). This often happens when the habitat offers just the proper con¬ 
ditions for it or when the other serai dominants have failed to reach the 
area. The reed swamp furnishes an excellent illustration. Thus, there 
occur vast areas of marshy land dominated almost entirely by bulrush, 
cattail, or reed. The bulrush thrives in the deepest water, cattails in 
intermediate depths, and the reed in the shallowest. Likewise, the 
floating associes may be represented over considerable areas by a single 
dominant or consocies of water lily, duckweed, or water hyacinth. Cer¬ 
tain trees of the southeastern United States, such as bald cypress and 
tupelo gum, often dominate swamps in pure growth. Forest flood plains 
are locally dominated by elms, or willows, or walnut, each representing 
a consocies. The tamarack swamp of the northeastern states and 
Canada is a well known consocies, as are also the vast stretches of jack 
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pine or aspen (Fig. 61). Abandoned fields in the forest-cleared areas of 
Oklahoma are rapidly claimed by a consocies of persimmon as are cut¬ 
over forests in Illinois and Iowa by hazel brush. Kn oak in almost pure 
stands, with a ground layer of sedge which is often covered by shallow 
water in spring, is an important consocies in the flat lands of Ohio and 
Indiana as is also red maple. Once the development of vegetation is 
understood, many dominants will be found to be relatively transient. 
For example, sand-binding grasses on dune areas which are being forested 
furnish examples of associes with their consocies, as does also the shrub 
stage which usually precedes the trees. 



Fiq. 61.—ConBOcies of aspen {Populus tremuloidea). 


The Facies.—This is the developmental unit of the associes character¬ 
ized, as is the faciation of climax vegetation, by the grouping of domi¬ 
nants. In a habitat of considerable range of factors—depth of water in a 
swamp, for example—various combinations of two or three dominants 
constitute facies. Sedge swamps of cattail and bur reed or of bulrush 
and wild rice are examples. Pondweed and floating smart weed, water 
shield, and spatter dock are examples of facies in the floating associes. 
Groupings of elm-ash-walnut, box eldei^poplar-willow, and sweet gum- 
sycamore are facies of flood plains and poorly drained lands. Facies of 
sumac (Rhus), blackberry (Rubus)^ and Sassafrasj or of persimmon 
{Diospyros) and Sassafras are common about margins and openings in 
deciduous forest. Two well marked facies of the oak-hickory preclimax 
are post oak-blackjack and bur oak-shellbark hickory, the two groupings 
forming the western associes. 
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Serai terms apply to postclimax vegetation as well as to preclimax. 
For example, in the sand hills of Nebraska certain tall grasses such as 
sand hill's bluestem, big bluestem, Indian grass, sand reed, tall panic 
grass, etc., form various groupings or facies in the mixed-prairie climate. 
Likewise, a consocies of big bluestem extends far up the moist valleys 
of mixed prairie. The mesquite-acacia associes illustrates the invasion 
of trees into the grassland climate of the arid southwest, as a result of 
breaking the hold of the grasses by continued overgrazing. 

The Socies.—Societies of developmental communities, such as arrow¬ 
heads, water plantain, lobelias, or mints in reed swamp, are termed socies. 
Communities of phlox, buttercups, and water leaf illydrophyllum) in 



Fig. 62. —Socies of an evening primroBo {Anogra olhicaufia) in a fallow field. 


forests on flood plains or poorly drained till plains are j)roperly designated 
as socies, a term which at once denotes temporary instead of permanent 
subdominance. Serai societies are often poorly developed in the initial 
stages of both hydrosere and xerosere, where the dominants are relatively 
few. In medial and subfinal stages they may equal the climax communi¬ 
ties in abundance and development. For example, the tail-grass associes 
of sand hills is often quite as rich in socies as is the climax true prairie 
in societies. Likewise, the preclimax stage of the several great forest 
types may equal the latter in the wealth of subdominants of each season 
and layer, and the actual communities are often very mu(;h the same. 
Many ruderals (weeds) form socies on roadsides, and in fields and pas¬ 
tures (Fig. 62). Bindweed {flomolvulus), smartweeds (Polygonum) j and 
foxtails (Setaria) are examples in cultivated soil, ragweeds (Ambrosia), 
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marsh elders (/ra), and goosefoots (Chenopodium) in waste places, and 
ironweeds {Vernonia)^ goldenrods (SoUdago), and vervains (Verbena) in 
overgrazed pastures. 

The Family.—In nearly bare or recently populated areas such as rail¬ 
way embankments, alluvial deposits, abandoned fields, etc., the vegeta¬ 
tion frequently consists of groups of individuals belonging to a single 
species. Such a community of ragweeds, sunflowers, stinging nettles, 
etc., where all the individuals belong to a single species, is a family 
(Fig. 63). While the family often springs from a single parent plant. 



Fig. 03.—A family of knotweed {Polygonum majus) on a talus slope. 


this is not necessarily so. It may consist of only a few individuals 
or it may extend over a large area as Russian thistles in abandoned fields 
during very dry years. The family, how’ever, is usually a small unit and is 
especially typical of early stages of development, rarely being found in 
stabilized vegetation, except where local disturbance has occurred, e.g., 
a family of wire grass (Aristida) on a gopher mound, cir of Marchantia 
or Funaria in the ashes from a brush pile. 

The Colony.—^As the individuals of a family b(*,come more numerous, 
usually adjacent families merge, or germules from one family may invade 
another at some distance. Sometimes two or more sj^cies may enter a 
bare area simultaneously. In either case, such an initial community is 
termed a colony (Fig. 85). Colonies are practically always a consequence 
of invasion and, therefore, like families, are characteristic of early vegeta- 
tional deveJopment. Colonies of ruderals occur in neglected gardens or 
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on lowlands subjected to periodic overflow, colonies of sand binders on 
wind-formed dunes, and colonies of fireweed (Epilobium) and hair grass 
{Agrostis hiemalis) are frequent in burned woodland, etc. Usually they 
are easily identified, since they occur in bare areas or open vegetation. 
When they occur in stabilized vegetation, it is usually where a small bare 
area permits invasion. If two or more invaders populate the bare area, 
the community is a colony; if only one, it is a family. While a clean 
field of com represents a family, a weedy one is a colony. Both family 
and colony are developmental and no corresponding climax units occur. 

To Outline the Major and Minor Communities of a Region. —After a number of 
field trips in which examples of each unit of vegetation have been examined, make a 
summary list of the plant formations and associations visited, the associes studied, 
and typical consociations and consocies observed. What are some of the more impor¬ 
tant societies? Name some developmental societies or socies encountered. What 
species form families and colonies in the region and under what conditions? 

The Study of Communities.—It must not be supposed that one can 
distinguish the units of vegetation of any given area offhand or by super¬ 
ficial examination. The major difficulty in the analysis of vegetation 
is its great complexity, but it discloses a definite pattern when analyzed 
from the developmental point of view. The study of a local area of 
vegetation should always be supplemented so far as is feasible by examin¬ 
ing that of adjacent regions. Only in this way is it possible to gain a 
broad viewpoint for a proper interpretation of the local communities. 
Until sufficient examination has been made by means of ecological 
methods to warrant placing any area of vegetation in a particidar forma¬ 
tion, association, or faciation or to designate certain parts as families, 
colonies, or societies, each should be called a community, a term which 
implies no definite rank. Moreover, all ecological investigators have 
not given the same rank to equivalent units of vegetation. This has 
resulted often from the limited area studied, t.e., its relations to adjacent 
major units were not determined, or sometimes from the fact that the 
studies were made in transitional areas. Moreover, in countries long 
occupied by civilized man, the natural vegetation is represented by the 
merest fragments. 

There are seldom sharp lines of demarcation where one of the com¬ 
munities of higher rank merges into another. They usually overlap 
forming a mixed community. Such transitional areas are termed 
ecotones. In level country where conditions are fairly uniform, e.g., 
between true and mixed prairie, the ecotone may be broad and indefinite. 
But on mountains or steep hillsides or in the associes of saline areas, or 
about lakes or ponds, etc., communities may be very definitely delimited. 
By careful and extensive study, it is always possible to analyze the vege¬ 
tation of a region, and to determine its natural communities and their 
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dynamic relationships. A study of the mass of vegetation making up the 
community, called synmlogy, necessarily focuses attention upon the 
individual species of which it is composed. It is one of the best ways of 
suggesting the most important problems presented by the component 
species, ie., problems of avkcohgy or the ecology of the individual.*”-"*'®” 
However, neither species nor community can be understood by itself 
but only in relation to other species and adjacent communities. 

Finally, it should be emphasized that an understanding of the natural 
relationships of the vegetation, together with a knowledge of the environ- 
ment, and the structure, and indicator significance of each community, 
furnishes a fundamental background for determining its proper uses or the 
use of the land it occupies for grazing, farming, forestation, conservation, 
wild life, or other economic practice. 



CHAPTER V 


INITIAL CAUSES OF SUCCESSION 

Having gained a general view of succession, the universal process by 
which formations develop, the causes may now be studied somewhat in 
detail. The development of a climax formation consists of several essen¬ 
tial processes. Every sere must be initiated and its life forms and species 
selected. It must progress from one stage to another and finally must 
terminate in the highest stage possible under the climatic conditions 
present. Since succession is a series of complex processes, it follows that 
there can be no single cause for a part^icnilar sere. 

The processes causing su(?(;ession may be distinguished as initiating 
or initial causes^ continuing or ecesic cauaeSj and stabilizie.g or climatic 
causes. Initial causes produce the bare area or destroy the original 
population in areas already vegetated. The deposition of s(Kliiiient as 
alluvial fans at the mouth of a river illustrates th(j former; and the 
wandering sand dune covering a forest, the latter. Ecesic causes produce 
the essential character of vegetational development, f.c., the succ.essive 
waves of plant populations. They have to do with the interaction of 
vegetation and habitat and ani directive to the highest degree. Climatic 
causes determine the nature of the climatic climax, i.c., where the suc¬ 
cession will end. They likewise have a profound eff(‘ct in determining 
the population from beginning to end, th(' number and kinds of stages, 
as well as the reactions of the successive stages. While the process of 
succession in the tropics is similar to that in temperate^ regions, the plant 
populations are often very difTerent. Clearly this is due to climate. 

Initial causes of succession are those which produce a new or denuded 
soil upon which invasion is possible. Seres originate only in bare areas 
or in those in which the original population is partially or wholly 
destroyed. It is a universal law that in all bare i)laces new communi¬ 
ties arise, except in areas whi(;h present the most extreme conditions of 
water, temperature, light, or soil. Of these there are few. Even fields 
of ice and snow show algal pioneers, rocks in the driest deserts bear 
lichens, caves contain fungi, and all but the saltiest soils permit the 
entrance of halophytes. From the standpoint of succession, water is the 
most important of bare habitats, and it is almost never too extreme for 
plant life. Seaweeds grow and fruit alnmdantly in arctic waters at 
temperatures of about 32®F., and various algae invade hot springs where 
the temperatures are as high as 180®F. 
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Habitats are either originally bare or bar^ by denudation. The 
former are illustrated by water, land produced by rapid emergence, 
such as islands, continental borders, etc., lava flows, deltas, and dunes. 
Denuded habitats arise in the most varied ways and are best exemplified 
by bad lands, flooded areas, bums, and fallow^ fields. The essential 
difference between the tw^o is that the originally bare area has never 
borne a plant community and is, therefore, physically different in lacking 
the effects of reactions caused by successive plant populations. Not 
only must the initiating process ptoduce a new area capable of promoting 
ecesis but it must also furnish it with physical factors essentially different 
in quantity at least from the adjacent area. Otherwise, the new area 
would quickly be controlled l)y the association at hand and soon made an 
intrinsic part of it. 

Treated from the standpoint of the nature of the agent or process 
producing bare areas, the causes may be grouped as topographic, e.g., 
erosion and deposit; cUmoiic, e.g,, wind, fires caused by lightning, etc.; 
and biotic, i.e., produced by man or other organisms. 

Topographic Causes.—All the forces \vhich mold land surfaces have 
one of two effects. They may add to the land or take away from it. 
The same topographic agent may do both, as when a stream erodes in 
its upper course and de^posits a delta at its mouth or undercuts one 
shore and forms a mud bank or sand bank along the other. In similar 
fashion, a gla(uer may scoop out a pond or a lake in (j^e region and 
dc'posit the material as a moraine in another. The wdrid may sw^eep sand 
from a shore or blow out and heap it up elsewhere, or it may carry dust 
from dry lake bods or flood plains for long distances and pile it in great 
masses of loess. Clravity in conjunction with weathering removes 
the faces of cliffs and accumulates the coarse material in talus slopes at 
the base. 

Bare Areas Due to Erosion .—The chief topographic^ causes producing 
bare areas are erosion and deposit. Erosion is the lemoval of the soil 
or rock by the wearing away of the surface of the land. The agents of 
erosion are Avater, wind, gravity, and ice (Fig. 04). 

Important areas laid bare through erosion by w^ater are gullies, 
ravines, valleys, sand draws, w^ashes, flood plains, river islands, banks, 
lake shores, crests and slopes, and bad lands and buttes. In all, the 
success of initial invasion depends upon the kind of surface laid bare and 
the w^ater content as determined by the surface, the slope, and the 
climate of the region. The form and nature of the area itself are unim¬ 
portant except as they affect these factors. 

Characteristic bare areas due to wind erosion are dunes and sand hills, 
particularly the blowouts. Kelated to these are the strands from w^hich 
the (huv^ sand is gathe^rod by the wind, and the plains of rivers, lakes, and 
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glacial margins from which sand hills and loess deposits have been formed. 
Abandoned fields are also subject to wind erosion. 

Gravity produces bare areas by pulling down materials freed by 
weathering (Fig. 65). Crumbling and slipping are universal processes on 



Fig. 64.—Erosion and deposit in a young ravine in the bad lands of Nebraska. 



Fig. 65. —Bare areas due to the action of gravity, canyon of the Yellowstone River, Yellow¬ 
stone National Park. 


the steep slopes and crests of hills, along stream banks, lake shores, 
and seashores everywhere. Landslides in mountains as well as heavy 
snowslides often produce extensive bare areas. From their hardness, 
instability, or dryness and the steep or vertical faces, areas thus produced 
are usually among the slowest to be invaded. 
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Bare areas are produced on wind-swept shores by the ^^nding and 
pushing action of ice. Fine illustrations are to be found in the region 
of the Great Lakes. Bare areas are also formed along the margins of 
glaciers, usually in conjunction with water erosion. The extreme con¬ 
ditions which rock invaders must meet in the Rocky Mountains and 
Sierra Nevada are often the direct outcome of glacial scourings in the 
past. 

Bare Area^ Due to Deposit —Bare areas are often due to deposit, 
the agents being running water, ground water, wind, glaciers, ice and 
snow, gravity, and volcanoes. 

Among bare areas due to deposit by running water, flood plains and 
channel deposits such as sand bars and alluvial cones and fans are perhaps 



Fiq. 66.—Sand bars due to deposit in streams. North Platte River in Nebraska. 


most familiar (Fig. 66). Other deposits such as deltas and beds of lakes 
are often extensive. Along the shores of large bodies of water, waves 
and tides produce such bare areas as beaches, reefs, bars, and spits. 

Characteristic deposits from ground watcjr arc made by mineral 
springs, especially hot springs, and geysers. Travertine or tufa is 
formed from water highly charged with lime and is deposited in lakes of 
dry regions as well as from spring waters and their streams. Siliceous 
sinter or geyserite is typical of the areas about geysers where it arises 
by deposition from the hot siliceous waters, through the action of algae. 
Both travertine and sinter are rock and exhibit the general relation 
of rocks to succession, the first colonists being algae and lichens. Salt 
may be deposited from spring waters, as in salt basins, or by the water of 
lakes in arid regions where evaporation exceeds the inflow. In moist 
and semiarid regions, the salt crust is usually thin and, hence, readily 
dissolved or weathered away, permitting halophytes to enter and begin 
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the succession. In arid regions, on the contrary, the deposits are thicker, 
and removal by weathering or solution is nearly impossible, so that 
extensive areas, in Utah and Nevada for example, remain absolutely 
sterile under present conditions. 

The principal wind deposits are sand, chiefly in the form of dunes, 
loess, and volcanic dust. Of these, dunes, both inland and coastal, are 
much the most important at the present time (Fig. 67). The wide 
distribution of dunes and their striking mobility have made them favorite 
subjects of investigation and there is probably no other initial area 
and succession of which we know so much. Inland dunes of the Great 



Fig. 67.—Sand hills showing blowouts. 


Plains are called sand hills. In spite of the irregularity of the topography 
of dunes, they affect succession by virtue of instability and water relations 
and not by form. Sand hills, deep hollows or blowouts, and sandy 
plains all show the same development, regardless of their difference in 
form. In all of these the controlling part is played by the sand-catching 
and sand-binding plants, usually grasses, which act as pioneers. The 
chief reactions are the fixation of the sand, gradual accumulation of 
humus, and decrease of evaporation and increase of water content. 
Loess, while covering enormous areas in the valleys of the Mississippi, 
Rhine, Danube, Hoang-Ho, and other rivers, is not in process of formation 
today. Deposits of volcanic dust are infrequent and localized and cover 
relatively small areas. They are unique in the suddenness and complete¬ 
ness with which the area is covered and in their absolute sterility. 
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Glaciers, ice, and snow are agents that often' cause extensive deposits. 
Glaciers have been of the greatest importance in the past, although today 
their action is localized in the mountains and polar regions, as is also that 
of snow and ice. They deposit materials showing all possible degrees of 
variation. The enormous blocks of rock deposited by glaciers present 
an extreme condition for rock succession; the till sheet proper of clay 
mixed with sand and pebbles offers an area prepared for a higher t 3 rpe of 
colonists. All intermediate conditions occur. 

Bare areas due to deposit by gravity such as talus masses and slopes 
are universal at the base of cliffs, shores, banks, etc. The initial condi¬ 
tions for succession are often very like those of the cliff or bank above. 
The chief change is one of density or coherence. Hence, the lichens 
or cleft plants of a granite cliff or wall are usually found in the talus as 
well, even when this is disintegrated to the stage of coarse gravel. Talus 
derived from soils such as sand or clay or from rocks which decompose 
readily presents typically more extreme conditions as to water content 
and stability than the fragmenting area. Here the initial stages are new 
and unlike those at the top of the cliff or bank. Whether they will be 
hydric or xeric is determined by the location of the talus and its resulting 
water content. 

Volcanoes produce bare areas by deposits of lava, of cinders so called, 
of ash or dust, and of sinter. The deposits of ash may be local, some¬ 
times reaching depths of 50 to more than 100 feet, or s(;attered widely by 
the wind; coarser materials—cinders, rocks, and enormous stones—are 
also blown from craters in great quantities and fall near the cone or upon 
its slopes. The lava and mud expelled from volcanoes flow in streams 
from the crater. Rivers of lava have been known to reach a length of 
50 miles and a width of niile. In flat places, the stream spreads out 
and forms a lava lake which hardens into a plain. Mud volcanoes are 
small, geyser-like structures which discharge mud. They build up small 
cones, which are usually grouped and cover considerable areas. The 
deposits due to volcanoes or geysers regularly result in the destruction of 
vegetation, but this effect may be produced in consequence of the emis¬ 
sion of poisonous gases, steam, hot water, hot mud, or fire blasts or the 
heating of the soil. Such bare areas are characteristic features of 
Yellowstone National Park. 

All volcanic deposits are characterized by great sterility.®^ They 
are usually small in extent and, hence, easily accessible to migrants. 
The seres on volcanic deposits have been little studied, but it is known 
that they are relatively long. This is particularly true of lava, though 
climate exerts a decisive effect as is shown by the invasion of lava fields 
in Iceland®®’ and Java.®®® 
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Other physiographic causes of bare areas are earthquakes and possibly 
also the rapid elevation or subsidejice of the land.^*^^ 

Climatic Causes.—Climate may produce new areas for succession 
through the destruction of existing vegetation. This destruction may 
be complete or partial. When it is complete or nearly so, a bare area 
with more extreme water conditions is the result. The factors which 
act in this manner are drought, wind, snow, hail, frost, and lightning. 
In addition, evaporation, which is the essential process in drought, 
produces new areas from water bodies in semiarid and arid regions. It 
may have the same effect upon periodic ponds in humid regions. Evapo¬ 
ration may merely reduce the water level to a point whtire ecesis of hydro¬ 
phytes is possible, or it may continue to a point where islands, peninsulas, 
or wide strips of shore are laid bare to invasion. Finally, the lake or 
pond may disappear entirely, leaving a marsh, a moist or dry plain, or 
a salt crust. 

The action of drought in destroying vegetation and producing an'as 
for colonization is largely confined to semiarid and arid regions. In 
humid regions it is neither frequent nor critical, while in desert regions 
it is the climax condition to which vegetation has adapted itself fully or 
nearly so. The usual effect is to produce a change in (existing vegetation, 
but in regions like the Great Plains it sometimes destroys vegetation 
completely. As a rule, the destruction operat(\s \ipon cultivated fields, 
simply freeing the area somewhat earlier for the development of a ruderal 
or weed stage, especially when the wind enters to produce soil drifting. 
In native vegetation the complete destruction of a community is rare. 

The wind acts directly upon vegetation in producing bare areas due 
to ''wind throws^' (Fig. 68). Arciis where trees have been blown down 
by the wind are frequent in some regions but usually are of limited 
extent. They are most apt to occur in pure stands of such trees as balsam 
fir, spruce, and lodgepole pine. Wind throws are frequent in moun¬ 
tainous regions where the soil is moist and shallow. The action of the 
wind chiefly affects the tree layer and tears up the? soil as a (;onseqiienco 
of uprooting the trees. It is supi)lemented by evaporation, which 
destroys the shade species by gr(>atly augmenting their transpiration 
at a time when the water content is being diminished by the drying of 
the soil. As a consequence, wind throws often become completely 
denuded of vegetation. In the case of a completely closed forest, the 
fall of the trees amounts to denudation, since occasional saprophytes 
are often the only flowering plants left. 

Bare areas may l>e due to snow, hail, or frost. Those due to snow 
are restricted largely to polar and alpine regions. An abnormal fall 
or unusual drifting may cause the snow' to remain in places regularly 
exposed each summer. . After a winter of less i)recipitation or a summer 
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of unusual heat, the drifts or fields will melt,' leaving a bare area for 
invasion. The effect of frost in producing bare areas by destroying 
the plant population is almost negligible but the denuding action of 
hail is often very great. In some parts of the Great Plains, destructive 
hailstorms are so frequent that they have caused the abandonment of 
farms and sometimes whole districts. It is not infrequent to see the 
fields so razed by hail that not a single plant is left alive. Native species 
often suffer great damage, especially broadleaf forest and scrub, but 
the effect rarely approaches denudation. As with frost, the effect upon 
cultivated plants is very much greater than ui)on native vegetation. 



Fig. 68. —Wind throw in a pine forest in Minnesota. 


The role of lightning in causing fire in vegetation has come to be 
recognized as very important. The majority of lightning strokes do 
not set fire to trees or other plants and tl\e attendant rain usually stops 
incipient burns. Even under these conditions, forest fires have actually 
been seen to start from lightning and the number of such cases in the 
aggregate would apparently be large.®®® In regions where thunderstorms 
unaccompanied by rain arc frequent, as in Montana and Idaho, lightning 
is the cause of numerous, often very destructive, fires (Fig. 69). 

Bare areas may result indirectly from climatic factors. These are 
due almost wholly to the effect of physiography in exceptional cases of 
rainfall, of runoff due to melting snow, or of wind-driven waters. In all 
three the process is essentially tlie same. The normal drainage of the 
area is overtaxed. The flood waters reach higher levels than usual and 
are ponded back into depressions rarely reached. Moreover, they cover 
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the lowlands for a much longer period. The first condition forms new 
water areas for invasion. Since these are usually shallow and subject 
to evaporation, the development in them is nearly always short. In 
the lowlands, the vegetation of many areas is washed away, covered with 
silt, or killed by the water, and the area is bared for a new development. 
This is, of course, essentially what must have occurred at the end of each 
period of glaciation. 

Biotic Causes.—With few exceptions, plants rarely play the role of 
initial causes. The reactions of plant communities on the habitat are 



Fig. 69.—An old "burn” in eastern Washington. Typical of the destruction by fire of 
coniferous forests of the northwest. {Photograph fty Palmer.) 


of paramount importance but plants rarely destroy vegetation and pro¬ 
duce bare areas. The reverse is true of man and animals. They are 
initial causes of great frequency and widespread distribution, but only 
a few have a definite reaction upon the habitat. Their activities may 
be grouped as follows: (1) activities which destroy vegetation without 
greatly disturbing the soil or changing the water content; (2) activities 
which produce a dry or drier habitat usually with much disturbance of 
the soil; and (3) activities which produce a wet or wetter soil or a water 
area. 

Bare areas are sometimes due to destruction of vegetation alone. 
Ant areas in arid regions are, perhaps, the best examples of clearing by 
animals without soil disturbance (Fig. 70). The pnmary activities by 
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which man produces denuded areas are bums and clearings. Clearings 
result, for the most part, from lumbering or from cultivation. In all 
kinds of burning and clearing, the intensity or thoroughness of the process 
determines whether the result will be a change of vegetation or the initia¬ 
tion of a new sere. The latter occurs only when the destruction of the 
vegetation is complete or so nearly complete that the pioneers dominate 
the area. Lumbering consequently may not initiate succession unless 
it is followed by fire or other process which removes the tree seedlings 
and destroys the undergrowth. Most fires in woodlands completely 
denude the burned area, but surface fires and top fires may merely destroy 



Fig. 70.—Bare area 3 to 4 feet in diameter due.to ante. Note the invasion of sunflowers, 
etc., about the periphery of the bared area and the better growth of the vegetation resulting 
from an increased water supply. Eastern Colorado. 

a part of the population. Fires in grassland practically never produce 
bare areas for colonization. Poisonous gases from smelters, factories, 
etc., sometimes result in complete denudation, although the effect is 
usually seen in changes in the vegetation. Cultivation normally results 
in complete destruction of the original vegetation. In new or sparsely 
settled grassland regions, the wearing of roads or trails produces a charac¬ 
teristic denudation with little or no soil disturbance.*^® Complete 
denudation by animals is only of the rarest occurrence, except where they 
are restricted to limited areas by man. Severe overgrazing and trampling 
by stock are examples. Complete destruction by parasites usually 
occurs only in the case of annual crops. 

Bare areas may result from a dry or drier soil. These occur chiefly 
where there is a marked disturbance of the spit The latter affects the 
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water content by changing the structure, by changing the kind of soil, 
as from clay to sand or gravel, or by both methods. These results may 
be produced by removal, by deposit, or by the stirring of the soil in place. 
Roads and railroads are universal examples. In surface or “strip” 
mining for coal or iron, large areas are laid bare, the raw subsoil 
brought to the surface, and sometimes, also, materials which upon 
oxidation produce extreme acidity.-'^ Gravel pits and deposits formed 
by dredging and draining are other examples. The removal and deposit 
of soil by animals are confined to the immediate neighborhood of their 
burrows, the homes of ants, etc. In some places, such as densely popu¬ 
lated prairie-dog towns, the burrows are sufficiently close to produce an 
almost completely denuded area. Insignificant as most areas of this 
sort are, they give rise to real though minute seres of much value for 
successional studies in communities otherwise little disturbed. 

Bare areas may occur as a result of increase in water. Draining and 
flooding may bring two different areas {e.g., a pond and a valley) to the 
same condition for invasion. The habitats produced by both are similar 
in having a wet soil, capable of colonization only by hydrophytes, except 
in areas where drainage is reenforced by rapid or excessive evaporation. 
This is true of canals and ditches as well as of the areas actually drained 
or flooded. It is unimportant whether flooding, for example, is brought 
about by the diversion of a stream of water or the construction of a dam. 
It is equally imma;terial whether the dam is built by man or by beavers. 
The essential fact is that the water content will be excessive and that the 
pioneers will ccmsist of hydrophytes. 

To Study the Initial Causes of Succession. —In the course of the field work, 
careful attention to the kinds of bare areas in your region and the causes for their 
production. Make a list of all of the bare areas you have seen. What cause or 
causes operate most widely in producing bare areas in the regions that you have 
studied? 
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MIGRATION, ECESIS, AND AGGREGATION 

It has been seen how the field of action for the development of plant 
communities has been prepared by the various initial causes. But it 
seems clear that, regardless of the kind or extent of the bare area, suc¬ 
cession will not occur unless other causes are at work. The real causes 
of the development of vegetation, i.e., the paramount causes of succession, 
are the responses or adjustments that the successive communities make 
to the habitat. Development is due to biotic reactions. The causes that 
produce the successive waves of populations are migration, ccesis, 
aggregation, competition, and reaction. To them is due the rhythm of 
succession as expressed in the rise and fall of the successive populations 
which constitute the several stages in any sere and terminate in the 
climax. Thus succession is always progressive. 

MIGRATION 

Migration begins when the germule leaves the parent area and ends 
only when it reaches its final resting place. It may consist of a single 
movement, or the number of movements between the two places may be 
many, as in the repeated flights of fruits with wings or pappus. The 
entrance of a species into a new area or region will often result from 
repeated invasions, each consisting of a single period of migration and 
ecesis. This is well illu.strated by the invasion of the Russian thistle 
{Salsola pestifer). It was introduced into South Dakota in 1874 with 
imported flaxseed. By 1888, there were enough plants in the Dakotas 
to have it reported as a weed. Ten years later, it was found in all the 
area east of the Rocky Mountains, from the Gulf of Mexico to Sas- 
katchewan.’“ Evidence of past migration is shown by the fact that 
where suitable places for particular groups of plants occur (e.g., swamps, 
rock outcrops, etc.), they are nearly always found growing there.*” 
Germules of various kinds find their way into communities but only a 
very few find suitable habitats not already overcrowded in which they 
can ecize. It is only by the process of migration that the plants of any 
stage in a sere are brought into the new area.”* 

To Determine IVliat Propagules Have Migrated into a Bare Area.—Select a bare 
area such as a flood plain, talus slope, or fallow field. Remove enough of the surface 
soil from an area of 2 square decimeters to fill a 4-inch flowerpot. Place under 
conditions favorable to growth. When the seedlings of the first crop have been 
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counted and identified^ remove them. Pour out the soil, mix it thoroughly in order 
to permit dormant seeds to germinate, and grow another crop. Repeat the process 
until no more seedlings appear. Record the total number of species and individuals. 

The four factors entering into migration are mobility, i.e., the ability 
of a species to move out of the parent area, agemt (wind, water, etc.), 
distance, and topography. These are not always present in every case of 
migration, but, as a rule, each factor plays some part. The value of 
mobility to the plant is dependent upon the presence of proper agents for 
causing movement, and the operation of these two factors is much affected 
by distance and topography. 

Mobility.—Mobility indicates the power of the plant for movement. 
Among terrestrial plants it is indicated chiefly by the size, weight, 
and surface of the disseminules, especially those carried by wind and 
water. A small, light seed or fruit with a wing, such as elm or birch, 
is much more mobile than a large, heavy, smooth one, such as the walnut. 
Man and animals distribute fruits for so many reasons and in so many 
ways that the only test of mobility, in many cases, is the actual move¬ 
ment. This is espc^cially clear in a study of many weeds of cultivated 
fields which owe their migration wholly to their associates, i.e., cultivated 
crops. Although mobility depends primarily upon devices for bringing 
about dissemination (hooks, plumes, etc.), the number of seeds is also an 
important factor. It is increased by abundant seed production, first, 
because among the larger number of seeds or fruits some may get out of 
the parent area, and, secondly, because of their correspondingly smaller 
size. 

Mobility is most marked in those plants which are themselves motile 
such as bacteria, diatoms, voWox, etc., or possess motile spores as among, 
some of the green algae. On the other hand, it is little or not at all 
developed in flowering plants with large, heavy seeds or fruits. The range 
is extreme, from the almost immobile offshoots of lilies, which move by 
growth, to the nonmotile but very mobile spores of fungi, which are 
blown about by the wind. There is no necessary correspondence between 
mobility and motility. The latter is practically absent in terrestrial 
plants, and, in spite of its importance among the algae, it plays a relatively 
small part in migration. 

Mobility depends not only on the nature of the device for dissemina¬ 
tion and upon the number of germules produced but also is greatly 
influenced by the position of seed or spore with reference to the action 
of the distributive agent. Winged fruits, for example, are nearly con¬ 
fined to trees or shrubs or high-climbing vines. They would be much less 
mobile if borne near the soil. 

The relation of mobility to succession is obvious. Fireweeds, among 
the earliest pioneers in bare land areas, and especially in denuded ones, 
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have very mobile germules. The spores, soredia, and gemmae of lichens, 
liverworts, and mosses are microscopic in size and broadly disseminated 
by wind. The early herbaceous pioneers are grasses and herbs with small 
seeds and fruits, well adapted for wind carriage, as in hair grass {AgroatiB 



Fiq. 71.—Fireweed {EpUobium) in a Viurned area in Idaho. 



Fig. 72.—Pioneer willows and cottonwoods on a sand bar in the Missouri River. If the 
bar is built up those will be replaced by elms, linden, etc. 

hiemalis) and fireweed (Epilohium atigustifoliuni)^ or mobile by virtue 
.>f association (i.e., moved by man with his crops), as the mustards 
^ {Braasica and Lepidium) and goosefoot (Ckenopodium) (Fig. 71). The 
sequence of shrubby species is determined partly by mobility, as berry- 
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producing shrubs (Rubus) in burns and willows (Salix) in lowlands 
(Pig. 72). Likewise, cottonwoods (Populus) and birches (Betula)j which 
have light, wind-blown seeds, are everywhere woodland pioneers. Rapid 
occupation of a new area depends upon mobility, but in permanent 
occupation it is much less important. Fireweed may soon occupy a 
burned forest area, but it does not occur in the reestablished climax. 

Organs of Dissemination.—Plants differ much with respect to the 
organ modified or utilized for dissemination. Such modification, while 
it usually affects the fruit or seed alone, may act upon any organ or upon 
the entire plant body. Special modifications are usually developed in 
connection with spores and seeds, and mobility is most marked in species 
of this sort. It is much reduced in the various offshoots such as rhizomes, 
stolons, and root sprouts and in plant bodies, at least in terrestrial plants, 
notwithstanding a few striking exceptions, such as the tumbleweeds. 
Plants may be grouped as follows with reference to the part distributed: 

Spore Distributed, —^This group includes all plants possessing struc¬ 
tures which are called spores, viz., algae, fungi, liverworts, mosses, and 
ferns. Spores rarely have special devices for dissemination but their 
minute size makes them extremely mobile. In general, spores are more 
readily and widely distributed than are seeds or fruits. They are blown 
about like the dust. Tropical islands, for example, are notable for their 
fern population. 

Seed Distributed. —^This group comprises all species of plants in which 
the seed is the part modified or disseminated. Seeds are not very mobile 
except when they arc minute or are provided with wings or hairs. They 
are, however, as a group more mobile and more widely distributed than 
fruits, largely because of their smaller size. 

Fruit Distributed. —The modifications of the fruit for distribution 
exceed in number and variety all other modifications for this purpose. 
Many structures which are commonly mistaken for seeds belong here. 
Such are the achene (of sunflowers, and other composites, etc.), caryopsis 
(of wheat and other grasses), perigynium (of sedges), and utricle (of 
chenopods and amaranths), etc. 

Offshoot Distributed. —To this group are referred all plants that pro¬ 
duce lateral shoots, such as root sprouts, rhizomes, stolons, etc. When 
new buds are thus carried from several to many feet from the parent plant, 
i.e., out of the area under parental influence, the results may well be 
regarded as migration rather than aggregation. The migration of such 
plants is very slow, but it is usually effective, since the new plant is 
nourished by the parent until it becomes fully established (Fig. 73). 
It plays a small part in the colonization of nevr areas, being almost negli¬ 
gible in comparison with the migration of free parts such as spores, seeds, 
lind fruits, especially in large areas. 
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Plant Distributed .—This group includes submerged and surface w4ter 
plants, both motile and nonmotile, and those land forms in which the 
whole plant, or at least the aerial part, is distributed, as in tumbleweeds 
and many grasses. 

Modifications for Migration.—Plants may be arranged in several 
groups according to the nature of the device by which migration is 
brought about. The perfection of the device determines the success 
of the agent, as is well seen in those modifications which increase the 
surface for wind carriage. Saccate fruits may be membranous and 



Fia. 73.—A wild rose (Rosa arkansana) showing the method of propagation by under¬ 
ground offshoots. Seale in feet. 

serve for wind distribution, as in ironwood (Ostrya) and bladder nut 
{Staphylea)j or impervious and air containing, as in sedges (Carex), 
water lily {Nymphaea)^ etc., where they serve for water transport. Many 
plants have winged, margined, or flattened fruits and seeds, such as are 
found in maple {Acer) and birch (Betula). The vast majority of the 
samaras of elm, maple, ash, etc., fall near the parent tree. This is often 
also true of the seeds of conifers. A careful transect study of the flight of 
seeds of the spruce and the fir shovred that practically all of them landed 
within a distance equal to two or three times the height of the tree. 
Where isolated seed trees are left standing, as in lumbering operations, 
the distance to which the seeds may be carried is greatly increased.^^^-^*® 
Fruits and seeds with long silky hairs, as fireweed (Epilohium) and cotton 
{Go8sypium)f are termed comate. The parachute, as illustrated by the 
dandelion {Taraxcumm) and other ligulate composites, represents the 
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highest degree of mobility that has been obtained by special modification. 
Achenes with chaffy or scaly pappus, as those of niggerheads {Echinacea) 
and sunflower (Helianthus), are only slightly mobile but plumed fruits, 
such as clematis and pasque flower (Pulsatilla), are highly mobile. Many 
grasses, such as wild oats (A vena) and needle grass (Stipa), are provided 
with awns which serve for distribution by water or animals or by creeping 
movements. Mobility of a few fruits is brought about by attachment by 
spines, as in sand bur (Cenchrus) and ground burnut (Tribulus). Hooks 
and barbs which serve for attachment, as in cocklebur (Xanthium) and 
beggar-ticks (Bidens), afford many species a high degree of mobility. 
The number of pioneers which possess fruits with spines or hooks is 
significant. Fleshy fruits are scattered in consequence of being swal¬ 
lowed, especially by birds, the seeds usually being protected by a stony 
envelope which enables them to resist digestion. Various other devices 
occur. 

Biigration. —In the fall of the year, make a careful survey of a bare area that is 
being piopulated and classify the plants (1) as to the organ utilized in migrating into 
the area and (2) the nature of the device by which migration was brought about. 
Identify and classify 50 or more propagulos of plants common to your region upon the 
basis of modifications for migration. The relative efficiency of some of the various 
migrating devices should be determined. 

Distance of Migration. —The distance of migration is a direct con¬ 
sequence of the perfection of the device. Hence, the latter is of first 
importance in selecting the migrants which are moving toward a new 
area. It thus plays a large part in detennining what species will enter 
as pioneers as well as the stages in which others will appear. The 
comate seeds of fireweed, aspen, and willow may be carried several miles 
in such quantities as to produce dominance. In secondary areas espe¬ 
cially, dominance is directly dependent upon the number of viable seeds 
which enter and, hence, upon the migration device. If seeds or one- 
seeded fruits migrate singly (e.g., maple, elm), the resulting individuals 
stand separately. Dominance results only from the movement of large 
numbers. Where germules travel in groups, as tumbleweeds (Salsola, 
Cydoloma) or cockleburs adhering in mats, the new area is at once 
dominated by families. 

Interaction and Work of Agents. —Many fruits migrate readily even 
when the devices for migration are not greatly perfected. This is 
due to the fact that they avail themselves of two or more agents, either 
by means of two distinct devices or because of their behavior on dr 3 ring. 
In the ground cherry, the bladdery fruit is rolled over the ground by the 
wind and then the seeds are scattered by birds and rodents. Pilobolus, a 
dung-inhabiting fungus, discharges its mucilaginous masses of spores 
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upon adjacent weeds and grajsses, where they cannot grow. But when 
the vegetation is eaten by animals, the spores pass unharmed through 
the alimentary tract and are deposited in a suitable substratum for 
germination and growth. Needle grains, stork’s-bill, and other plants 
with sharp-pointed, twisting fruits are carried by attachment to animals 
and blown by the wind in tangled clusters, the two agents often alter¬ 
nating many times. The wild balsam apple {Micrampelis) is a frequent 
pioneer in denuded areas along streams. The fruits are blown by the 
wind, floated by streams, and even carried by attachment, while the 
seeds, in addition to being forcibly expelled, are carried by water. 

Although the possibilities of the interaction of two or more agents 
in nature are great, actual instances of it are not frequent except where 
the activities of man enter into the process. Seeds and fruits are 
frequently blown by the wind into streams by which they are carried 
away. As a rule, however, parts adapted to wind distribution are 
injured by immersion in the water, and the number of plants capable 
of being scattered by the suc(‘,essive action of wind and water is small. 
As a general rule, plants growing in or near the water, if modified for 
migration at all, are adapted to water carriage. Species that grow in 
exposed grassy or barren habitats are, for the most part, wind carried. 
Those found in the shelter of forests and thickets are usually scattered by 
animals, though the taller trees and shrubs are generally wind distributed 
by reason of exposure to the upper air currents. There is seen to be a 
certain amount of correspondence, since hydrophytes are usually water 
carried, shade plants are borne by animals, and the majority of sun 
mesophytes and xerophytes are wind distributed. In each group, 
however, are numerous exceptions to the rule, owing to migration into 
various types of habitats. 

Influence of Seed Production.—The chances of migration depend, 
to a large degree, upon the number of fruits, seeds, or spores produced. 
A large seed production increases the movement of a mobile species. 
Seed production of a species bears a general relation to its power of 
invasion. The latter is expressed more exactly by the efficient seed 
production, which is the total number of fertile seeds left after the 
usual action of destructive agents. The number of seeds produced by 
a tree of limber pine {Pinus flexilis) is large, but the efficiency is almost 
nil. The toll taken by nutcrackers, jays, and squirrels is so complete 
that no viable seeds were found in hundreds of mature cones examined. 
Of two species with equally good devices for distribution, the one with 
the larger number of seeds is the more mobile. Even in immobile plants, 
seed production increases the few chances of movement. 

The viability of seeds is greatest in typical many-flowered (poly- 
anthous) species, such as grasses and composites, which produce but one 
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seed per flower. This is shown by the large number of successful invaders, 
ue.j weeds produced by these groups. The movement of abortive seeds, 
of course, is of no benefit to the species. Fertility is often low in plants 
with many-seeded (polyspermous) flowers due to the lack of fertilization 
or to competition between the ovules, e.g.j evening primrose [Oenothera). 

The periodic variation in seed production is a factor of much impor¬ 
tance, especially in trees and shrubs. This is due to the fact that birds 
and rodents consume practically the entire crop of seeds of conifers, 
oaks, beech, etc., during poor seed years. The efficient production is 
high only during good seed years, and the invasion of such species is 
largely dependent upon the occurrence of such years. 

Position of Disseminules. —The position on the plant of the part 
disseminated, z.e., its exposure to the distributing agent, plays a part 
in mobility. In the majority of flowering plants, the position of the 
inflorescence gives a maximum of exposure, but in many plants special 
modifications are developed to place spores or seeds in a more exposed 
position. The height of the inflorescence or capsule from the ground or 
above the surrounding plants aids in increasing the distance to which the 
seeds or spores are carried in the first flight. 

The most perfected device of this kind is found in such composites as 
the dandelion, prairie cat’s-foot [Antennaria), etc., in which the stalk 
stretches up after flowering is completed. By the time the involucre 
expands to release the fniits, the flower stalk has often grown to several 
times its original length. The movements in fruits of various plants 
often serve to place seeds and fniits in a better position for dissemination. 
In certain composites, the involucral scales are reflexed at maturity, 
thus loosening and lifting the achenes. A somewhat similar result is 
obtained in such grasses as Stipa and Aristida by the twisting of the awns. 
In many mosses, liverworts, and puffballs, the spores are sifted out 
through slits or teeth, or the whole spore mass is elevated and held apart 
by the mass of elaters or threads. In most cup fungi, the spores are 
driven out of the cup by tensions within, caused, in some cases, by the 
sudden change of glycogen to sugars with a corresponding sudden increase 
in osmotic pressure. 

Role of Migration Agents. —It is significant that the agents which 
carry migrules, viz., wind, water, gravity, glaciers, man, and animals, 
are also initial causes of bare areas. Thus, the force which produces an 
area for succession also brings the new population into it. Often the 
two processes are simultaneous, especially in denuded habitats. Water 
as a migrating agent brings to new water or soil areas chiefly those 
germules which can be gathered along its course. Thus, it is evident that 
a new area with an excess of water will be provided, for the most part, 
with water-borne migrules and that the viable ones will practically all 
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be of this kind. The action of wind is broader, but it is clear that initial 
areas due to wind are found only in wind-swept places, which are, of 
course, where the wind will carry the largest load of migrules. An 
extremely close connection is found also in talus slopes due to gravity, 
for the majority of the species are derived from above. The universal 
prevalence of ruderals in denuded areas due to man's activities is suffi¬ 
cient evidence of the direct relation here. 

Methods of Migration. —The possibility of migration depends prima¬ 
rily upon the action of distributing agents.’*® In the absence of these, 
even the most perfected modification is without value, while their 
presence often brings about the movement of the most immobile plants. 
As to method of migration, the following groups are distinguished: 

Water .—This group comprises all plants distributed by water whether 
in the form of ocean currents, tides, streams, or surface runoff. As 
regards streams and ninoff especially, the nature of the modification 
is of little importance, provided the disseminules are impervious or 
little subject to injury from water. The action of water upon seeds, 
however, practically eliminates all but hydrophytic or ruderal species 
in water or wet areas, though this effect is doubly insured by the diffi¬ 
culties of ecesis.*®’ The high-water stage following spring floods is 
often marked by rows of seedlings. The same is true of the shores of 
ponds and lakes. The chief species are water, s^iore, and bottom-land 
plants. On newly formed islands, frequently water-borne plants are found 
on the margins and those transported by wind in the interior. 

The coconut, which is often seen floating on tropical waters, and 
which until recently has been cited as a classical example of long-distance 
water distribution, loses its viability within a few days due to water 
infiltration.The seeds of certain hydrophytes, such as the arrow¬ 
head (Sagittaria), and the mermaid weed (Proserpinaca), have been shown 
to have retained their vitality after lying in mud covered with water for 
7 years.“®*^ Motile plants, or those with motile cells, as well as submerged 
forms and unattached floaters, such as duckweeds {Leinnaceae), belong 
entirely to this group. 

An instructive example of ocean currents as agents of dispersal is 
afforded by the floras of the two types of mangrove forests. The eastern 
mangrove has a rich flora very uniform along the coasts of East Africa, 
India, and Malaya. The western mangrove has a poor flora, the impor¬ 
tant species being the same on the western coast of Africa and the east 
coast of tropical America. The two types have Ho species in common. 
Distribution throughout the two regions has been entirely by ocean 
currents. It has been shown that the mangroves and their associates 
of the western region are all capable of floating in the sea for at least 
2 months and that all could be carried by the main equatorial currents 
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from West Africa to South America. In the mangroves, the fruits are 
viviparous and it is the seedling which is carried. 

Wind—The group of wind^listributed species includes practically 
all terrestrial plants in which modifications for increasing the surface 
of the seed or fruit have been greatly developed or in which the part 
carried is minute.^^* Sacklike, winged, hairy, parachute, pappose, 
plumed, and some awned seeds or fruits are the various types of modifica¬ 
tions for wind distribution. Whatever the device, the greater the surface 
exposed in proportion to the weight the more resistance it offers to falling 
through the air and the farther it may be carried by the wind. Milk¬ 
weeds, thistles, willows, and dandelions increase the surface enormously 

without materially increasing the weight. 
The fruit of the dandelion is kept aloft 
indefinitely in a breeze of only 2 miles per 
hour. The seeds of orchids and many 
oricaceous plants are as fine as particles 
of dust, the former often weighing only 
Moo milligram. These, like spores, rise 
into the upper currents of air and may 
travel hundreds of miles. 

On the island of Krakatau, whose 
vegetation was entirely destroyed by a 
volcanic eruption in 1883, the first plants 
peraai of the seeds of an evening were thallophytes and bryophytes from 

primrose (Oeno//tcra • j ui rni_ c. i. i 

wind-blown spores. The first vascular 
plants to appear in abundance were ferns, whose spores are readily 
scattered by the wind. The distance to the nearest island not affected 
by the eruption is over 12 miles, and the distance to the coast of Java is 
about 25 miles. Fifteen years after the eruption, 53 species of seed-bear¬ 
ing plants had reached the island. Of these, it was estimated that 60 
per cent, chiefly shore forms, were brought by ocean currents, 32 per 
cent by wind, and 8 per cent by animals. 

Plates of gelatin exposed from airplanes at high altitudes collect 
spores of many fungi, including those of wheat rust and other disease- 
producing organisms.®®^'®^^ The rapid spread of the chestnut blight 
(Endothia) throughout the range of the host within a few years is an 
excellent illustration of the efficiency of the wind as an agent in spore 
distribution.®®^ Most epiphytes, whether lichens, mosses, ferns, or seed 
plants, such as orchids and bromelias, have wind-blown disseminules. 
The wind often plays an important role as migrating agent in shaking 
the stalks of plants with dehiscent fruits, such as evening primrose, and 
thus causing the seeds which are unmodified for transport to be scattered 
some distance from the parent plant (Fig. 74). In wind-swept areas^ 



74.—Three stages in the 
splitting of the capsule and dis- 
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such as prairies and plains^ many plants or iinfloresrences migrate for 
miles as tumbleweeds, scattering the seeds as they go. Such are Russian 
thistle (Salsola), tumbleweed amaranth (Amaranthus graedtanB), species 



Fig. 75.—A group of tumbleweeds, Russian thistle {Salaola peatifer), left; winged 
pigweed {Cydolama), center; and salt bush {Atriplex haatata). The largest is nearly 4 feet 
in diameter. 


of Atriplex, witch grass {PanicAim), hair grass {AgrodiH), etc. (Figs. 75 
and 76). The wind is the most efficient agent of migration but, at the 
same time, the most wasteful. Most of the migrules are carried to areas 
already so thoroughly populated that the newcomer cannot ecize. 

Animals .—Animals distribute 
seeds in consequence of attachment, 
carriage, or use as food. Dissemina¬ 
tion by attachment has been spe¬ 
cialized to a high degree. The three 
types of contrivance for this purpose 
are found in spinose, hooked, and 
glandular or gelatinous coated seeds 
or fruits. Distribution by ingestion 
and that by carriage often play a 
striking part on account of the dis¬ 
tance to which the seeds may be 
transported.®® The one is character¬ 
istic of fleshy fruits and the other of 
nut fruits. The destructive action of seed-eating animals, particularly 
birds and rodents, is often completely decisive. So complete is the 
destruction of seeds in certain instances, notably in forests of lodgepole 
pine, that the appearance of certain species is possible only where the 



Fig. 76. —Tumbling panicles of hair 
grass {Agroatia hiemalia) left, and witch 
grass {PaTiicum capillare). 
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rodent population is driven out or destroyed. This is confirmed by the 
almost uniform failure of broadcast sowing in reforestation^ as well as in 
other methods of sowing when the birds and rodents are not destroyed. 
In a single squirrel cache, 4 or 5 bushels of cones are often found, and in 
years of good seed production, sometimes as many as 15.®®^ Foresters 
have practically abandoned seeding and now reforest or afforest areas 
by means of transplants grown in nurseries. The destruction of seed 
is a factor of great importance affecting invasion. 

Distribution of plants by animals is often very efficient, since each 
species of animal usually frequents a certain type of vegetation. The 
usual way for such trees as walnuts, hickories, and oaks to migrate is by 
animal carriage. Nearly all may be eaten, but some, buried in the 
forest or near its margin, are overlooked. Most forest animals seldom 
venture far into grassland; neither do prairie animals usually frequent 
woods. The rapid spread by birds of shrubs and vines with'^dible fruits 
to planted groves is common.Some birds may carry small seeds from 
one marsh to another in the mud on their feet or feathers. If the seed 
or fruit has a mucilaginous coat, such as certain species of Juncus and 
others, these may adhere to their feathers.®^’ Mistletoe, a paravsite 
on trees, often of considerable economic importance, is disseminated by 
birds. After eating the enveloping fleshy rind, the slimy seeds which 
frequently stick to their bills may be wiped off upon the branches when^ 
they are perched and, hence, in places suitable for germination. 
Certain seeds with oily or albuminous appendages are often 
distributed by ants, e.g,, wild ginger {Asarum), bloodroot (Sanguinaria), 
etc.®®® 

Man .—Distribution by man has no necessary connection with 
mobility. It acts through great distances and over immense areas, 
as well as near at hand. It may be intentional, as in the case of cultivated 
plants, or unintentional, as in thousands of native and foreign species. 
Ships carry the migrules over the oceans, and trains and automobiles 
scatter them over the land. Wagon trails through the prairies were lined 
with ruderals. More than half of our weeds have been introduced from 
Europe by the continual shipment of agricultural and horticultural 
products. 

Gravity .—Gravity is an agent of migration in hilly and mountainous 
regions, where seeds and fruits regularly reach lower positions, either 
by falling from bank, cliff, or rock or, more frequently, by the breaking 
away and rolling down of rock or soil masses. In this process, nearly 
always, large quantities of seeds arc destroyed. Dissemination by this 
method is necessarily local, though it plays an important part in rock 
fields and gravel slides of mountains, especially in the case of immobile 
species. 
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Glaciers .—Transport by glaciers is of slight importance at the pre^nt 
time, because of their restriction to alpine and polar regions where the 
flora is poorly developed. In considering the migrations of the glacial 
epoch, however, distribution by glaciers is an important factor. 

Growth .—The mobility of species disseminated by the growth of 
ofiFshoots is extremely slight and the annual movement relatively insig¬ 
nificant. Solomon's-scal (Polygonaium), strawberries (Fragaria), and 
sumac {Rhus) are examples. The certainty of migration and ecesis is 
so great, however, and the presence of offshoots so frequent in terrestrial 
plants that growth plays an important part in migration in the local 



Fig. 77.—Fruits of violet {Viola rJatior) and squirting eueumber {Echallium daterium) 
discharging their seeds. {Redrawn from Kerner and Oliver.) 

communities. They produce very effective mass invasions such as 
cattails into ponds and shrubs into grassland. 

Propulsion .—Dissemination by mechanical propulsion, though it 
usually operates through short distances, is important on account of its 
cumulative action from year to year. All species of this group agree in 
having modifications by which a tension is established. At maturity 
this tension suddenly overcomes the resistance of sporangium or fruit 
and throws the enclosed spores or seeds to some distance from the parent 
plant. After sporangia of ferns dehisce, the annulus springs back sud^ 
denly and releases the spores when it has attained a certain degree of 
desiccation. Movements of the teeth of mosses are also hygroscopic. 
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Ofteii the teeth ciirve back and open the capsule in dry weather, but 
vtrhen moist they quickly bend up and close the entrance. Propulsion 
by turgescence occurs in a large number of fungi where the tiny spores or 
spore masses are hurled a distance of many feet.^®®*®*’® The squirting 
cucumber forcibly ejects the seeds because of turgidity within the fruit*'® 
(Fig. 77). 

Agents of Migration. —a careful survey of the plants found in an isolated 
community, such as a grove or thicket surrounded by grassland. Classify them in 
accordance with the agent that has probably brought them into the area. What is 
the nearest station from which the fleshy fruits of the various trees, shrubs, and herbs 
might have been carried? Complete the study on page 122 by adding the probable 
agent of migration after ea(‘h of the species listed. 

The Direction of Migration. —The direction in which a migrant moves 
is determined by the agent concerned. While migration tends to radiate 



Fio. 78.—Linear migration of a sedge {Cartx arenaria) on a sand dune. 


in all directions from the parent group, as illustrated by the action of 
winds which blow from any quarter, it often becomes more or less deters 
minate (Fig. 78). Where there are constant winds, for example, it is 
somewhat definite^, the exact direction being determined largely by the 
fruiting period of the species concerned. The migration of y3lants along 
water courses is an excellent example of determinate migration. The 
position of invaders with reference to the original home does not neces¬ 
sarily indicate the only direction of migration, since seeds are regularly 
carried to places in which they cannot ecize. 

In general, migration is radial or indetermijiatc when it is local and 
unilateral or determinate when more general. The local movement of 
plants carried by animals takes place in all directions, while their distant 
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migratidn follows the pathway of migratory birds or mammals. Dis¬ 
tribution by man is determinate when it takes place along commercial 
routes or highways. In ponds, lakes, or other bodies of standing water, 
migration usually occurs in all directions, but in ocean currents and 
streams it is determinate except for motile species. Dissemination by 
gravity and glaciers is local and defim'te, but propulsion is entirely inde¬ 
terminate. Migration by growth is equally indefinite, but it produces a 
radiate movement away from the parent mass, while propulsion throws 
germules into the mass as well as away from it. Distant migration may 
take place by means of water, wind, animals, and man, and it is, in some 
degree, determinate, since these agents act in a definite direction over 
great distances. On the other hand, local migration is indeterminate, 
as a rule, except in the case of streams, glaciers, and slopes. The direc 
tion of migration is thus seen to be controlled by the distributive agent. 
The distance is determined by the intensity and duration of the agent as 
well as by the nature of the area through which it acts. 

In succession, local migration is primarily rcwsponsible for the popula¬ 
tion of new areas. Nearly always, effective invasion in quantity is local. 
Forest and scrub usually extend their areas slowly, working out from 
their margins. When migrants travel long distances, they are apt to be 
too scattered to become controlling. This undoubtedly holds true for 
the great migrations following glacial invasions where populations of 
tundra, grassland, and forest moved hundreds of miles. They were 
apparently only the gross result of repeated local movements, acting in 
the same general direction through long periods. 

If the germules arrive too soon, that is before the habitat is suitable 
to their growth, e.g., seeds of trees on moss-covered rocks, migration is 
entirely ineffective. The same holds true after the sere has passed into 
a stage of development so that the habitat is unsuitable to their growth. 
To modify the course of succession, migration must be followed by ecesis. 

ECESIS 

Ecesis is the adjustment of the plant to a new home. It consists of 
three essential processes, germination, growth, and reproduction. It 
follows migration and sooner or later results in compt^tition. Ecesis 
comprises all the processes exhibited by an invading germule from the 
time it enters a new area until it is thoroughly established. Hence, it 
really includes competition, except in the case of pioneers in bare areas. 
The germination, growth, and reproduction of a plant growing among 
others are the same as those of an isolated indi\ddual exc^ept that those 
of the former take place under conditions modified by the neighboring 
plants. Hence, it will be clearer if ecesis is considered first and competi¬ 
tion subsequently. 
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Eceeis is the decisive factor in invasion. Migration without it is 
wholly ineffective. In fact, migration is usually measured by the number 
of plants that ecize in an area rather than by counting the germules 
that have arrived. The relation between the two is most intimate. 
Migration, if followed by ecesis, results in the establishment of a new 
center from which further migrations may occur, and so on. 

The time of year in which fruits ripen and migration occurs has a 
marked influence upon the establishment of a species. Seeds which 
ordinarily pass through a resting period are often brought into places 
where they germinate at once and perish because of unfavorable factors 
or because competing species are too far advanced. Spores and seeds 
capable of immediate germination may likewise be scattered at a time 
when conditions make growth impossible. The direction and distance 
of migration are decisive because the seed or spore is carried either into 
a habitat sufficiently like that of the parent to secure establishment or 
into one so dissimilar that germination is impossible or at least is not 
followed by growth and reproduction.®®^ The rapidity of migration has 
little influence except upon conidia, gemmate, etc., which have not 
much resistance to drying. The number of migrants is likewise impor¬ 
tant since it affects the chances that germules will be carried into bare 
areas where ecesis is possible. Willows, for example, may colonize a new 
channel deposit if the wind carries the seeds to the new area which is 
much like that of the parent one, in sufficient numbers, within the few 
weeks before they lose their viability. They must be carried at the right 
time, in the proper direction, and a sufficient distance, with enough 
rapidity, and in large numbers. Thus, each of these factors plays an 
important part. 

In unattached aquatic forms, e.g.j algae, water hyacinth, etc., the 
growing part or plant is usually disseminated, and ecesis consists merely 
in being able to continue to grow and reproduce. It is quite certain 
because of the similarity of aquatic habitats. In dissemination by off¬ 
shoots, the conditions are somewhat similar, and ecesis consists of growth 
and reproduction alone, since the offshoot grows under the same condi¬ 
tions as the parent plant. 

Ecesis occurs only when a migrant enters a new place in which it 
germinates, grows, and reproduces. Plants may migrate into an area 
without germinating; they may germinate and then disappear; they may 
germinate and grow without reproducing; or they may complete ecesis 
by reproducing either by flowers or by offshoots or both®*® (Fig. 79). 

Germination. —The first critical process in ecesis is germination. 
Germination is the emergence of the root and the unfolding of the first 
leaf or leaves which may or may not be cotyledons. The seeds of some; 
species of Oxalis germinate soon after leaving the capsule, and in vivip- 
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arouB plants {e,g., mangrove) the embryo continues in a state of unih- 
terrupted development from the outset. Others, like the willow and 
cottonwood, retain their power of germination for only a few days. But 
even when conditions of moisture, temperature, and oxygen supply are 
favorable, the overwhelming majority of seeds lie dormant for a few 
months or at least until the growing season following their formation. 

Dormancy and Delayed Germination. —When a seed does not ger¬ 
minate immediately upon leaving the parent plant, it is said to be in a 
state of dormancy. Dormancy is not confined to seeds, however, but 
is also characteristic of many offshoots such as rhizomes, bulbs, tubers 



Fia. 79.—Migration and germination of great ragweed {Ambrosia) in cracks in soil of a 

river bank. 

etc 2.^1,233.234,806 Dormancy may extend over a period of only a few days 
or weeks as in the seeds of the elm, cottonwood, and willow, which do not 
withstand desiccation, or it may persist for years as in certain legumes, 
mints, and snapdragons. It is usually more pronounced in seeds pro¬ 
duced in late summer or autumn. 

Dormancy is much more general among native than among cultivated 
plants.®^^ Frequently, the latter show none, and under favorable condi¬ 
tions their seeds.will germinate before leaving the parent plant, c.g., wheat 
in the shock. Wild oats (Avena fatua) and cultivated oats (^4. saliva) 
both produce seed in summer. Unless artificially stored, the latter 
germinates at once, and upon the advent of cold weather the crop is 
frozen. The wild oats lie dormant, but germinate the following spring. 
Man, by his methods of seeding and harvesting, has unintentionally 










134 PLANT MCOWQY 

selected plants the seed of which germinate readily, since only those seeds 
that germinate soon after sowing mature plants for harvest. Thus, 
throughout the centuries of agriculture those races of plants that did not 
germinate readily were largely eliminated. The causes of dormancy are 
many. Some of them lie within the seed, others are due to the external 
environment. 

External Causes of Dormancy. —When seeds mature in late autumn, 
the temperature may be too low for germination; or the temperature 
at the time of seed ripening may be too high, as among cool temper¬ 
ate species growing in the desert.In fact, at ordinary summer 
temperatures, many seeds will not germinate but remain dormant until 
death overtakes them.^-^^® Lack of a sufficient water supply is another 
common cause. On the Great Plains, fall-sown wheat often fails because 
of drought to germinate until spring.®®* An insufficient supply of oxygen 
may prevent germination, as when seeds upon ripening fall to the bottom 
of a pond. Frequently, they are covered witli earth to such a depth that 
a supply of oxygen is practically excluded. Here they may lie dormant 
for long periods and germinate only upon being brought to the surface.-*® 

On an area planted to woodland, seeds of certain mustards and plan¬ 
tain lay dormant for 20 to 40 years before finally producing s(»edlings. 
Ten years after tilled land had been sown to pasture, the sod was again 
broken. This resulted in the germination of 16 species of weeds that had 
lain dormant.®’ Where seeds have been buried at a depth of 3 feet in 
open bottles in moist sand for a period of 50 years, 5 out of 22 species 
remained viable.Seeds of many land plants have been shown to lie 
dormant in mud covered with water for a period of several years. 2 ®® 
Many coniferous seeds retain their viability best when stored at low 
temperatures in sealed containers.*® Delayed germination may occur in 
forest or in highly manured gardens if the organic matter is decaying 
rapidly and evolving much carbon dioxide and the oxygen supply is 
low.*’®-®*® It is a notable fact that when a forest is cut over or burned, 
many seeds which have found conditions unfavorable for germination, 
rapidly produce seedlings (Fig. 80). Temperature, water content, and 
oxygen supply may all be involved. 

The seeds of a few species, e.g., bluegrass, certain varieties of tobacco, 
mistletoe, and mullein, will not germinate in the absence of light or at 
least germinate better when illuminated.The cause of dormancy 
in many such seeds has been found to be complicated with other factors 
such as temperature, nitrogenous compounds, enzymes, and after-ripen¬ 
ing. Light may alter the seed coat in relation to its permeability to water 
or oxygen but the actual effects of light are not well understood.^**®-®*® 

Thus, the control of the habitat is twofold. It determines whether 
the seed will germinate immediately or during the season. If germina- 
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fcion is delayed, it determines whether or not ronditions will permit the 
seed to remain dormant but viable for several years. Habitats which 
are most favorable to germination are least favorable to dormancy, and, 
conversely, those which allow seeds to persist through long periods are 
inimical to germination. In many seeds, of course, the surface layer 
favors germination, and deeper layers promote dormancy. 

Internal Causes of Dormancy. —The failure of seeds to germinate 
under favorable external conditions is often due to certain characteristics 
of the seed or fruit coats or of the embryo. The more important causes 

are as follows; sometimes a combination of two or more occurs:**^" 



Fih. 80- Keproduction of Douslas fir in Washington from seed stored in the forest floor. 

Hofmann.) 


Seed Coats Impermeable to Water .—One of the commonest causes of 
dormancy is the exclusion of water from the seed because of the imper¬ 
meability of the seed coat or ovary wall. Many water plants such as 
Nelumho, mints, and legumes are examples of this type. This character, 
however, is not peculiar to any particular group. Ih some species, all 
of the seeds are ''hard” and impervious to water; in ^others, only some 
of them. Since no absorption takes place even when the seeds come in 
contact with water, germination cannot occur until the seed coat is made 
permeable. This may be brought about by a natural, slow deterioration 
of the seed coat or artificially by abrading or removing it.®®*‘ The former 
agencies, such as freezing and thawingj bacteria and funjd, may 
require a period of several years. Naturally, when a crop of alfalfa or 
clover is sown, it is advantageous to have all of the seeds germinate at 
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about the same time. It not only requires less seed, but also competition 
with weeds is much reduced and a crop ripening evenly is the result. 
Hence, the seed coats are usually abraded or scarified mechanically, 
thus greatly increasing the percentage of germination, although the vigor 
of the seedling is sometimes decreased. Small lots of seeds may be 
treated with acids or alkalies or the coats abraded by stirring them vigor¬ 
ously with sharp sand.**®^ Heating the seeds, e.g., alfalfa, to a high 
temperature (85 to 90°C.) not only increases permeability to water and 
increases germination but also, at the same time, kills many of the 
accompanying seeds of weeds.®®^**^® Intense freezing also promotes 
permeability."® 

Effect of Impermeability of Seed Coat on Germination.—Select 12 fully matured 
seeds of the previous year's crop of honey locust (Gleditsia) or Kentucky coffee tree 
{Gymnocladuit). Cut through the seed coats of .5 of the seeds with a file and place 
with 5 others in a glass of water, saving 2 for a cheek on size. Change the water and 
examine from day to day for a week and state results. From a lot of iiiiscarified seed 
of sweet clover (MelilotuR) or alfalfa (Medimgo), select 50 that are well developed and 
a similar number from the same lot after they have bxjen scarified. Place them in a 
moist chamber on wet blotting paper. Count and remove those that have germinated 
each day for a period of 10 to 14 days. 

Seed Coats Impermeable to Oxygen. —In a second class of seeds, dor¬ 
mancy is due to the exclusion of oxygen. The seed coats or fruit coats 
enclosing the seeds arc eitlier impermeable to oxygen or at least do not 
permit it to diffuse into the embryo in sufficient amounts to promote 
germination. This is the cause of dormancy, as may be readily shown 
in the case of the cocklebur (Xanthmm), either by injuring the seed 
coat, by increasing the oxygen pressure, or, more simply, by removing 
the coat.®^®-®^^ The same agencies that cause hard seed coats to become 
permeable to water also gradually reduce the impermeability of seed 
coats to oxygen. Many grasses, composites, and other plants belong to 
this group.Subjection to a high temperature (120°F.) for a period 
of time increases the permeability and breaks the dormancy. 

Seed Coats Mechanically Resistant. —In other species, water and oxygen 
can be absorbed, but only a small amount of water enters the seed since 
the expansion of the enil)ryo is limited by the seed coats. In water 
plantain {Alisnia plantago)^ for example, the embryo swells and pressevs 
against the restraining walls with an imbibition force of about 100 atmos¬ 
pheres but cannot rupture them and is thus unable to germinate.®^® The 
seeds of black mustard (Brassica nigra), shepherd^s-purse {Bursa bursa- 
pasioris)^ peppergrass {Lepidium), and pigweed {Amaranthus retroflexus) 
belong to this class. These may lie dormant in the moist soil for many 
years, although if brought to the surface the seed coats more readily 
decay. This explains why they are such persistent weeds in fields and in 
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gardens, occurring even in those that have been kept free from weeds 
for a number of years.®®*®^ When cultural operations bring the seeds 
to the soil surface where conditions are favorable to germination, they 
immediately produce a crop of seedlings. Likewise, seeds of many water 
plants, such as arrowheads {Sagiitaria), pondwecds (Potmnogeton), bur 
reed (Sparganium), etc., may lie dormant in the mud for many years, the 
resistance of the fruit walls to embryo expansion being the chief cause, 
though oxygen relations may sometimes be involved. 

Imperfectly Developed Embryos. —In some seeds, the embryo is not 
completely formed when separation from the parent plant occurs. In 
certain seeds, it is little more than a fertilized egg, and all gradations from 
these few-celled embryos to nearly or completely developed ones may 
occur. In certain plants indeed, such as Ginkgo, under cultivation in 
Europe, fertilization does not take place till after the seed has fallen. 
In others, development of the undifferentiated embryo proceeds slowly 
in the detached seed through autujnn and winter and is completed just 
l)efore germination in spring. Plants belonging to this general group are 
dog’s-tooth violet (Erythronium), buttercup (Ranunculus), many orchids, 
and holly (Ilex). 

Embryos Requiring Acidity. —Certain seeds with fully developed 
embryos fail to germinate oven when the seed coats are removed and«they 
are placed in an environment ordinarily suitable to gerinination.'^^^’ 
This type of dormancy is due to lack of acidity and until the proper degree 
of acidity is developed or artificially supplied, the seeds will not ger¬ 
minate. In the hawthorn (Crataegus), for example, this after-ripening 
process requires 1 to 3 months, tlu^ acidity of the embryo increasing as 
after-ripening proceeds. This may promote water absorption and affects 
metabolism, particularly enzyme activity^ which is essential in the 
processes of digestion, assimilation, and respiration.The seeds of 
many plants belong to this group.’^^ Conspicuous among them are red 
cedar, hard maple, peach, linden, apple, and ragweed.Such seeds maj’^ 
be germinated at once by removing the seed coats and immersing the 
embryos in a weak acid.®’^’ A rather low^ temperature (about 40°F.) is 
generally favorable to the d(?velopment of acidity and explains why seeds 
that are layered, i.e., placed under a thin layer of soil out of doors during 
winter, germinate much sooner than those kept at room temperature. 
Layering is a long-established horticultural practice.Much more 
work must be done to devise good methods of germinating seeds and 
producing seedlings from many of even the most common horticultural 
plants. 

Longevity of Seeds.— Little is known about the normal period of 
viability of seeds under the usual conditions of natural sowing.®®^ When 
the seeds are thoroughly dried and stored in a dry place, they may retain 
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their viability for a long time. High temperature hastens loss of viability. 
Seeds of many cultivated plants rapidly decrease in viability; others 
slowly over 5 to 15 years.’®^ Seed corn, for example, is usually selected 
from the current yearns crop. As a rule, the seeds of many native species 
remain alive at least 5 to 10 years and a few may, under favorable condi¬ 
tions, lie dormant 25 to 50 years.®'* ®® Legumes, water lilies, mallows, 
and mints are especially long lived.There arc a few authentic records 
of some seeds germinating after being stored 100 y(?ars, and Nelumbo 
nucifera gave 100 per cent germination after lying for more than 200 years 
in moist peat. But seeds germinating after long periods of dormancy are 
rare.®®® Hard-coated seeds are especially long lived. During prolonged 
storage the proteins of the seed are gradually coagulated or changed into 
insoluble forms. Hence, when the seeds are planted the proteins do not 
become soluble nor will the seeds grow. -^®® 

It has been seen that the germination is postponed in a variety of 
ways and the vitality of the seed retained over a long period of time. 
The longevity of a seed combined with dormancy is a means by whi(^h 
the offspring of a single parent or the seeds of a single year may go on ger¬ 
minating throughout a series of years. This may be a real advantage 
inasmuch as some of the germinating seeds may find conditions favoral)le 
to growth and reproduction.®*'* 

Rate of Germination. —The gc?rminative power of the seeds of forage 
plants in Oregon has been determined. Both those of the high mountain 
and lower ranges were tested. Germination was affected by both altitude 
and slope and by the vigor of the plant, those weakened by overgrazing 
producing less viable seed. Seed viability decreased with altitude. 
Species of the higher ranges (above 6,500 feet) gave an averages germina¬ 
tion of 28 per cent; those at Iowtu* elevations, 45. In general, the more 
weedy species gave a higher percentage of germination than the more 
desirable forage grasses.^®“'^®”^ 

Experiments with a large number of prairie species show^ that the 
amount of viable seed produced varies greatly from year to year.*^* **^ ®“ 
Seeds of 42 species were studied. Most were subject to d(^ep dormancy 
during the greater part of the year, germinating best in spring. Impor¬ 
tant grasses gave 10 to 20 per cent germination; a few' yielded over 40 per 
cent. That of most forbs was below 15 per cent, although in some species 
it was regularly at least 50 per cent.^® Certain range grasses yield 70 to 
97 per cent germination.®®® Extensive experiments under way in the Soil 
Conservation nurseries should yield valuable information on germination. 

Extended experiments among cultivated, annual crops show that 
large, well developed seeds often give a higher percentage of germination 
and greater yield than smaller ones. Similar relations probably hold 
true for native plants.®*® 
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Depth of Germination. —Successful germination usually occurs only 
at the proper depth, with the exception of bare areas with wet or moist 
surfaces. A few species have the peculiar property of being able to 
plant themselves when they germinate on the surface, but the rule is 
that seeds must be covered with soil to permit ecesis. This is partic¬ 
ularly true of seeds on a forest floor covered with a thick layer of leaves 
or needles, which prevent the root from striking into the soil. There is, 
doubtless, an optimum depth for each species, which varies more or less 
with the habitat. Too great a depth prevents the seedling from appear¬ 
ing altogether or causes it to appear in such a weakened condition that it 
quickly succumbs. The former condition may lead to dormancy, 
germination occurring only after the area has been cleared or burned. 

The effect of depth of planting and its relation to the size of seed have 
been shown as follows in the case of conifers. 

Table 2 . —Germination and Establishment in Relation to Depth of Planting 


Species 


Ponderosji pine {Pinus ponderoaa) _ 

Douglas fir {Pseudotsuga taxifoUa ).... 
Western hemlock (I'suga heierophylla) 
Western red cedar {Thuja plicata ).. . 


It was also found that the seeds of conifers lie dormant in the forest 
soil for a period varying from 3 years in hemlock to 6 in white pine 
(P. monticola) and Douglas fir, and those of the yew (Taxus) for 8 years. 
Recent studies, however, are contradictory.These data throw much 
light upon the source of seedlings following lumbering and burning. In 
many parts of the west, where a single fire has destroyed the mature 
forest, the natural restocking has been prompt, uniform, and complete. 
But after the seeds in the forest floor have germinated and fire again 
occurs before the trees reproduce, the area must be artificially reseeded. 
In other cases, reproduction from seed deposited in the duff cannot be 
depended upon.®^® In lumbering, it is a common practice to leave three 
or four large coniferous trees standing on each acre to insure the scattering 
of seeds throughout the area.®’®-®^® This is in striking contrast to cut-over 
hardwood areas where oaks, hickories, and other deciduous trees sprout 
vigorously from the stumps which retain their power of propagation for 
many years. 


Depth of 
planting, 
inches 

j Per cent 

1 germinate 

1 

Per cent 
appearing 

1 aboveground 

Jl 00 

82 

1 ■ 

1 82 

}4.00 

j 36 

0 

(0.50 

93 ! 

93 

/4.00 

17 j 

0 

JO.25 ! 

96 I 

96 

M 25 

42 1 

1 0 

JO.12 

78 1 

1 78 

n .oo j 

26 
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Experiments with prairie species showed that deptli of planting has 
a pronounced effect upon germination and establishment. With the 
grasses, a depth exceeding 0.5 to 1 inch was distinctly detrimental, 
except in the needle grasses (Stipa) which plant the seed deeply by means 
of hygroscopic awns. Most of the grasses, as well as the composites, 
did best at a depth of 0.12 to 0.25 inch.^^^ 

Effect of Depth of Planting upon Germination and Establishment. —Secure viable 
seed from three or more native plants including a grass, a legume, and a composite. 
Plant the seed at various depths so as to determine the best depth for maximum ger¬ 
mination and establishment. Use loam soil in good tilth and water daily, if necessary, 
especially those cultures where the seeds are shallowly planted. Is there any relation 
between depth of planting and size of seed? 

Fate of Seedling. —The crucial point in ecesis is reached when the 
seedling is completely free from the seed coat and is thrown upon its own 
resources for food and protection. Even before this time, invading 
seedlings are often destroyed by birds and rodents, w hich pull or dig them 
up for the food supply still left in the seed coals. The tender seedlings 
are often eaten by the smaller chipmunks, and sometimes coniferous 
seedlings seem to be pulled up or bitten off in mere wantonness.In 
farm practice, row^s of corn may be missing for some distance due to the 
work of gophers and squirrels. Flocks of (tows also do great damage. 
In regions where overgrazing occurs, the destru(;tive action of animals is 
very great, especially in pasturing sheep, although this may be partly 
offset by their planting of seeds. Some toll is taken by darn ping-off 
fungi, such as Pythium and Fusarium, in moist, shady soils, but these 
are, perhaps, never decisive except under artificial conditions. 

Among most herbs, the greatcjst danger aris(?s from excessive com¬ 
petition, especially in the dense aggregation typical of annuals. For 
example, in one experiment involving 3 square meters and 31,500 seedling 
great ragweeds {Ambrosia trifida), less than 400 plants (1.2 per cent) 
reached maturity. The direct effect is often duo to lack of water, 
although light frequently plays an equally important part. Many 
attempts have been made to reseed the more arid, sparsely vegetated 
range lands to cultivated plants. Nearly all of the trials ended in failure, 
due to deficient soil moisture, lack of proper depth of planting, or suitable 
seed. On mountains or semihumid lands throughout the west, the 
results were partially successful. The seed was sown broadcast and 
usually worked lightly into the soil or trampled in by sheep. The most 
drought-enduring species such as Hungarian brome grass ranked among 
the first in the successful seeding, which, in some instances, reached 60 
per cent. Naturally, the best results were obtained in the less arid 
portions of the area. Drought, lack of success in competition with the 
native species, and overgrazing were among the chief causes of failure.’” 
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Seeds of prairie species sown on the soil surface during a period of 
several years gave a slightly higher percentage of germination and 
establishment in mixed prairie than in true prairie or short-grass plains. 
The number of species showing some germination was 79, 76, and 45 
per cent in the above sequence, respectively. The annual precipitation 
at the several stations in the same order is 23, 28, and 17 inches. The 
establishment of the seedlings, however, was only 14, 9, and 11 per cent. 
The differences were due partly to water relations but largely to soil 



Flo. 81.—Seedlings of dropseed {Sporoholus asper), blazing star {Liatris punctata), 
sweet clover {Melilotua alba), ponderosa pine {Pinua ponderoaa), and black locust (Rohinia 
paeudacacia). The grass is 44 days old, the sweet clover 03, and the rest 75. 


Structure, the soil at the true-prairie station becoming quite hard and 
cracked upon drying. Where the same kinds of seeds were planted at 
the proper depth in small, denuded areas, germination decreased with 
rainfall, being found among 85, 59, and 21 per cent of the species, respec¬ 
tively. Of these, 27 per cent became established in true prairie, 21 per 
cent in mixed prairie, and none in the short-grass disclimax. 

Even a short period of drought after germination is often disastrous. 
Another critical period especially for grasses is that of tillering when the 
transpiring surface is rapidly increased. Simultaneously, new roots 
appiear. Unless the surface soil is moist, these cannot absorb, and the 
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plkiit is literally holding to life by a single thread. Mortality at this 
time is often very great(Pig. 81). 

With the seedlings of woody plants, the cause of greatest destruction 
is drought in midsummer or later. This is the primary factor in limiting 
the ecesis of many conifers, though the ^'heaving” action of frost is often 
great or even predominant.’^® The root system is often inadequate to 
supply the water necessary to offset the high transpiration caused by 
conditions above the surface of the soil. It is, moreover, too short 
to escape the progressive drying of the soil itself. In open places in 


Fig. 82.—Ponderosa pine plantation, 11 years old; Lolo National Forest, Montana. 

Forest Service .) 


(f/. 5. 



the Rocky Mountains, such as parks, clearings, etc., the late summer 
mortality is excessive, often including all seedlings of the year. On the 
forest floor itself, it is considerable or even decisive in places where a thick 
layer of dry mold or duff increases the distance roots have to penetrate. 
Following destructive forest fires in the Rocky Mountain region, in 1910, 
nearly 3,000 acres of forest were seeded broadcast and over 10,000 acres 
by hand corn planters. Various native species were used. So great 
was the toll of drought, frost heaving, fungi, cutworms, etc., that the 
result was absolute failure in practically all cases.®^^ After years of such 
experiences, the conclusion has been reached that the only dependable 
way of getting new forest crops started on denuded forest lands is to 
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transplant seedlings of well developed 2- or 3-y^ar-old nursery stock^^ 
(Figs. 82 and 83). Direct seeding, however, is sometimes employed.*** 

In deserts, seedling mortality is very high. Studies on the paloverde 
{Parkimonia), a leguminous tree in the deserts of Arizona, showed that 
it was 89 per cent during the first 16 months and 97 per cent at the end 
of the third year.**^ ®^ 

Growth. —Growth is the second stage in ecesis. If the seedling 
establishes itself, it is fairly certain that it will develop. This seems to 
be the usual result with herbaceous plants, though there are some 
exceptions among trees and shrubs. Even though conditions become 



Fig. 83. —Typical development of lodgepole pine, blue apnice, Norway spruce, and 
western white pine grown in a forest nursery in Utah. The seedlings are grown two or 
more years in the seedbed and then usually one year in the transplant bed before they are 
transplanted in the field. {AfUr Koratian, U. S. Forest Service.) 


more extromc, the old plant is usually better able to resist them. Since 
the water relation is often decisive, the rate of root development and the 
distribution of roots in the deeper, moist soil are extremely important. 
Roots often grow at the rate of 0.5 to 1 inch per day, and even seedling 
grasses, trees, and other plants have remarkably extensive root systems. 
Light may be an equally important factor, but once the seedling is 
established it usually is able to endure much shading. Among woody 
plants, seedlings are notably tolerant of shade when contrasted with 
their demands later in life. 

With increasing size of individuals, the demands become correspond- 
ingly greater. Hence, growth causes an increasing (*ompetition. Out 
of this competition some species emerge as dominants, reacting upon the 
habitat as regards light, water, nutrients, etc., in such a controlling way 
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as to determine the conditions for growth of the other species in the 
community. Others represent an adaptation to conditions caused by 
the dominants and always play a subordinate part. This is well illus¬ 
trated in the development of forests. The growth of shrubs and herbs 
on the forest floor is held in check because of the reduced light. A 
third behavior is shown by those species or individuals ordinarily capable 
of becoming dominants in some stage of the sere (e.g., bur oak in linden 
forest) when they appear tardily or reproduce under unfavorable light 
intensities. The growth is diminished and the plant becomes suppressed. 
In forest and thicket, suppression increases from year to year and usually 
results in death, either through the low photosynthetic rate or in conse¬ 
quence of the attacks of insects or fungi. While suppression reduces 
the normal development of the plant, often causing it to become tall, 
spindling, and pcHjrly rooted, its most important effect lies in inhibiting 
reproduction. 

Reproduction. —The invasion of a bare area is made possible by repro¬ 
duction or seed production in the neighboring communities. The duration 
of each stage in the resulting sere is the consequence of the excess of 
reproduction over immigration of other species. Mosses, for example, 
dominat;^ a rocky outcrop only so long as they reproduce more abundantly 
than other invading species are able to do. Reproduction is consequently 
the final measure of the success of ecesis. In terms of succession, at 
least, ecesis occurs only when a species reproduces itself, and thus main¬ 
tains its position throughout the stage to which it belongs. In the case 
of annuals, clearly there is no ecesis without reproduction, although 
they may appear and disappear finally in a single season. Even among 
perennials, there are few species that can maintain themselves in an 
area by vegetative propagation alone. Since bare areas are rarely 
invaded by means of vegetative propagation, complete ecesis in them 
must rest upon reproduction. 

Ecesis in Bare Areas. —The bare area shows a selective action upon 
the gerinules brought into it. This is exerted by ecesis, for only those 
plants adapted to the conditions of the particular bare area, e.g., soil, 
water, rock, can ecize. The essential nature of such areas is found in 
their water relations. The two extremes for ecesis are water and rock. 
The first is impossible for plants whose leaves live in the air and light; the 
latter, for those whose roots must reach water. The plants which can 
ecize in such extremes are restricted in number and specialized in 
character, but they are of the widest distribution, since the habitats in 
which they can grow are universal. From the standpoint of ecesis, 
succession is a process which brings the habitat nearer the optimum for 
germination and growth, and thus permits the invasion of an increasingly 
larger population. Primary successions are long because the physical 



MIGRATION, ECE8IS, AND AGGREGATION 146 

condHions for growth are, for a long time, too severe for the vast majority 
of migrants as well as for the rapid increase of the pioneers. Secondary 
soils such as abandoned fields, burns, etc., afford more or less optimum 
conditions for germination and ecesis. They are invaded and stabilized 
with corresponding rapidity. ^ 

AGGREGATION 

All sterile, bare areas owe their pioneers to migration. But after 
the ecesis of the first invaders, the development of families and colonie': 



Fiw. 84.—Simple aggresation of the seedlings of bugseed {('orispermum) about the parent 

plant. 

is due primarily to aggregation, the process by which germules come to be 
grouped together. This coming together of individual plants gives rise 
to the innumerable groups of varying rank which taken together make up 
vegetation. 

Simple Aggregation. —The simplest form of aggregation is the group¬ 
ing of germules about the parent plant. It is independent of migration. 
The simplest examples of this process occur in such algae as Gloeocapsa 
and Tetraspora, in which the plants resulting from fission are held 
together by a sheath of mucilaginous materials. The relation of the 
plants is essentially that of parent and offspring, even when the parent 
disappears regularly, as in the fission algae, or sooner or later, as in 
annuals. Practically the same family grouping occurs among most 
terrestrial forms, flowering plants espeeiiilly, where the seeds of a plant 
mature and fall to the ground about it (Fig. 84). Although in the falling 
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of seeds there is often some movement away from the parent plant, it 
cannot properly be regarded as migration unless the seed is carried beyond 
the sphere of influence of the parent. Simple aggregation increases the 
individuals of a species and tends to produce its dominance, while migra¬ 
tion has just the opposite effect. 

The size and density of the family group are determined by the 
manner of reproduction and especially by the nuniber of seeds pro¬ 
duced. The character of the family is also affected by the height and 
branching of the plant and the position of the seeds upon it. The 
family will be small and definite in species whose fruits or seeds are 
immobile, the seeds falling directly beneath the plant sunflowers, 
ragweeds). A similar group is often produced by offshoots (c.gr., false 
Solomon\s-seal, nettle) when they do not carry the new plants too far 
from the original one. Aggregation at once gives rise to competition 
between the aggregated individuals, and upon the outcome of this 
depends their adjustment or establishment. 

If the fruits or seeds are mobile, the degree of aggregation in tlu* 
family is correspondingly decreased, since the seeds are carried away 
froni the parent. Very mobile forms such as the dandelion rarely 
produce families for this reason, and this is often true also of plants 
which produce few seeds. Annuals occur more frequently in families; 
owing to the large number of seeds and the frequent absence of devices 
for migration. Many perennials also arrange themselves in families, 
especially tho.se that are immobile or migrate by means of underground 
parts. 

Lack of dissemination promotes the grouping of parent and offspring 
into families, while mobility hinders it. Families are produced more 
readily in new and denuded habitats, z.c., in ofKm communities than in 
closed ones, since in the latter individuals of various species have already 
become mingled with each other. 

Aggregation usually modifies the composition and structure of 
existing communities. Its influence is especially important in com¬ 
munities destroyed by fire, cultivation, etc. In many instances, the 
change in soil conditions is slight and the course of succession is deter¬ 
mined by the number of germules which survive. In forests, for example, 
if the number is large, the resulting sere is very short, consisting only of 
the stages (usually herbaceous and shrubby) which can develop while 
the trees are growing to the size which makes them dominant. But 
when the number of aggregated germules is small or none, the selective 
action of migration comes into play—the climax must await the arrival 
of the dominants—and the course of development is correspondingly 
long. 
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Mixed Aggregation. —Individuals are carried away from the family 
group by migration, and strange individuals are brought into it by the 
same means (Fig. 85). In the early growth of a family, due to the 
gradual spreading of the plants, neighboring families approach each 
other and finally mingle more or less completely. In both cases, the 
mixing of the two or more species to form a colony is due to migration. 
The conversion of a family into another community takes place usually 
through the invasion of mobile species. The change occurs when one 
or more individuals of a second species become established in the 
family group. The real nature of the community becomes more evident 



Fig. 85.—A colony of blile (Suaeda) and salt bush (Atrip!er) in n depression, showins 

mixed aggregation. 

when several generations have brought about a considerable increase 
in numbers. 

The appearance of each .successive stage in succ^jssion is brought 
about by the interaction of migration and aggregation. Migration 
brings the species of each stage and aggregation, following ecesis, 
causes them to become characteristic or dominant. Migration marks the 
beginning of the initial, medial, and ultimate stages of a sere. It becomes 
relatively more marked \vith successive stages (i.c., more kinds of plants 
are found in medial stages) and then falls off to a minimum. In dense, 
closed forests, it becomes extremely rare, and the ecesis of the migrants 
impossible. Aggregation, on the other hand, becomes more marked with 
successive stages, and a sere may end in what is essentially a family, e.g,, 
a pure stand of Douglas fir or Engelmann spruce with practically no 
undergrowth. 
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COMPETITION AND INVASION 

The coming together of plants in the processes of migration, ecesis, 
and aggregation results in competition. When a plant is carried into 
a group of other plants or is surrounded by its growing offspring, the 
struggle which results between the individuals is competition. This 
movement of a plant or a group of plants from one area into another and 
establishment in the new home is termed invasion. Since this process 
usually involves competition, it will be considered last. 

COMPETITION 

Properly sjieaking, the struggle for existence in the plant world is 
between each plant and its habitat, the latter being changed by competi¬ 
tion in consequence of the demands made upon it by other plants. An 
exception to the rule is the case of host and parasite. Between host and 
l)arasite there is a struggle not very different from that between two 
animals. Competition always occurs where two or more plants make 
demands for light, nutrients, or water in excess of the supply. If there 
is enough of any one of these factors, such as water in a swamp, there is 
no competition for that factor. Competition is a universal characteristic 
of all plant communities and is absent only in the initial stages of succes¬ 
sion where the pioiunjrs arc still far apart. It increases with the increase 
in population in successive stages and continues to exist when the vegeta¬ 
tion is stabilized. 

Competition is essentially a decrease in the amount of water, nutri¬ 
ents, or light available for each individual. It is consequently greatest 
between individuals or species which make similar demands upon the 
same supply at the same time, e.g., between a group of even-aged clover 
plants as compared with a mixture of clover and timothy. Conversely, 
among plants that are absorbing at different levels and receiving light 
at different heights, competition is greatly reduced. In a few instances 
only is there actually competition for room. Such may occur in thickly, 
grown crops such as radishes, but it seems never to occur under natural 
conditions, although rarely one root may grow through another instead 
of around it. The crowding of the swelling roots is, however, only an 
incident in the competition for water. There is no experimental proof 
of mechanical competition between roots or rhizomes in the soil and no 
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evidence that their relation is due to anything other than competition 
for the usual soil factors—water, air, and nutrients. No matter how 
fully a soil seems occupied with underground parts, examination shows 
that there is usually room for more. 

Competition and Dominance. —Properly speaking, competition exists 
only when plants meet each other on more or less equal terms* There 
is no competition between a host plant and the parasite upon it, but two 
or more parasites upon the same host may compete with each other. 
Parasite competes with parasite and host with host, though a rust, for 
example, may often be a decisive factor between two wheat plants. 
Neither does a dominant compete with a secondary herb of the forest 
floor, e.g., an oak with jack-in-the-pulpit. The latte^r has adapted itself 
to the conditions made by the trees and is in no sense a competitor of 
the oak. Indeed, as in many shade plants, it may be a beneficiary and 
quite unable to grow in the area except for shade, humus, etc., afforded 
by the oaks. The case is different, however, when the seedlings of the 
tree find themselves alongside of the herbs drawing upon the same supply 
of water and light. They meet upon more or less equal terms, and the 
process is essentially similar to the competition between seedlings alone 
on the one hand or herbs on the other. The immediate outcome will be 
determined by the nature of their roots and shoots and not by the domi¬ 
nance of the species. Naturally, it is not at all rare that the seedling 
tree succumbs. When it persists, it gains an increasing advantage each 
succeeding year and the time comes when competition between tree and 
herb is replaced by dominance and subordination. 

The sequence of competition follow^ed by dominance is repeated in 
every bare area, e.g., seedlings of one group—herbs, shrubs, trees—com¬ 
peting with those of another, and in each stage of the sere which develops 
upon it. The distinction between competition and dominance is well 
illustrated by the development of a secondary forest in a cut-ovcr area 
or burn. All the individuals compete with each other at first, at least in 
so far as they occur in groups. With the grow^th of the shrubs they 
become dominant over the herbs and are, in turn, dominated by the 
trees. Herb still competes with herb and shrub with shrub, as well as 
with younger individuals of the next higher layer. Within the dominant 
tree layer, individuals compete with individuals and plants of one species 
with those of another. Thus, the rule, plants with similar demands 
compete when in the same area, while those with dissimilar demands show 
the relation of dominance and subordination. In a few cases, however, 
plants may be densely crowded and not compete with each other. This 
is illustrated by duckweeds {Lcmiiacccui) which often completely cover the 
surface of ponds and streams. The tiny fronds are on an equality with 
respect to light, and the water supply is far in excess of the demands. 
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Nature and Effects of Competition. —The importance of competition 
both in the development of natural vegetation and in crop production is 
so great that it has received careful study. When groups of seedlings, 
especially of the same species, are closely spaced, competition begins 
almost immediately. In the sunflower, for example, the first leaves of 
adjacent plants unfold simultaneously. The plants may be so nearly of 
the same height that the difference is only a millimeter. Yet this may be 
decisive, since one leaf overlaps the other. It continues to receive light 
and make much food, while the shaded one makes less. A difference 
of 2 or 3 days with full or reduced photosynthetic activity is quickly 
shown in difference in growth. The second pair of leaves of the fully 
lighted plant develops earlier, the stem is thicker and can better trans¬ 
port food to the rapidly growing roots. These, because of their greater 
food supply, penetrate a little deeper, spread farther laterally, and have 
a few more branches than those of their competitor. The increase in 
leaf surface not only reduces the amount of light for the plant beneath 
it, but it also renders necessary the absorption of more water and nutrient 
salts and correspondingly decreases the amount available. New soil 
areas are drawn upon for water and nutrients, and the less vigorous 
competitor must absorb in the area already occupied. The result is 
that the successful individual prospers more and more and becomes 
dominant. The other loses ground in the same degree and it must get 
along with what is left. If this is too little to support life, it succumbs; 
in any case, its development is increasingly retarded.^®^ 

Effect of Competition upon the Growth and Functions of Plants.—Select 150 seeds 
of sunflower that are fairly uniform in size and soak them for 8 hours in tap water. 
Fill five containers of a capacity of at least 1 cubic foot with soil slightly drier than 
that in good tilth. Plant 4 seeds in one container, 16 in each of two others, and 50 
in each of the two remaining containers. Soon after their appearance aboveground, 
thin the plants to 2, 8, and .32 per container, respectively, and in such a manner that 
all those in any container will be approximately equal distances apart. Tii the 2’s 
and one series of S’s and 32’s, keep the soil at a good water (;ontent so that competition 
will be for light only. In the second series, give the 8^s and 32*8 only the same amount 
of water supplied to the 2’s, regardless of the needs of the former, so that they will 
show competition for both light and water. 

From week to week make careful observations on the growth of the plants. How 
soon does competition for light begin among the S’s? the 32*8? By means of stakes 
and strings, prevent the plants from leaning far out. When the leaves greatly over¬ 
lap, sketch, after noon on a sunny day, a leaf that is in part closely covered by another. 
Extract the chlorophyll and make a test for starch. When the 8 ’b of the dry series 
are slightly flaccid and the 32’s show wilting even in early morning, select after noon¬ 
day a leaf of equal age fourth or fifth pair) from each of the three containers and 
make a test for starch. Also by direct observation in bright sunlight with the leav^ 
still attached to the plants, determine the degree of opening of the stomata. By 
means of the cobalt-chloride method, determine likewise the relative rate of transpira¬ 
tion. Determine the light values under the plants of each of the 5 containers. 
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When the 2*8 have reached a height of 18 to 24 inches, cut the plants at the grouhd 
line, wrap in moist paper to prevent wilting, and secure the following data from each 
set, determining the average number in every case and arranging the results in the 
form of a table: height, diameter of stems above cotyledons, number of leaves, length 
and width of largest leaf, average leaf area of a few representative plants from each 
container, and dry weight. In a second table, using the 2’s as 100 per cent, show the 
percentage reduction in leaf area and dry weight of the S’s and 32's under each of 
the two degrees of competition. 

Competition within the Species. —The simplest case of competition 
is among plants belonging to the same species. At first, differences in 
height, leaf expanse, penetration, and spread of lateral roots are very 
slight. But as a result of competition, there is great variation in all 



Flo. 86.—Representative sunflowers from the competition plots on July 2. The one on 
the right is from the 2-inch and that on the left from the 32-inch spacing. 

of these characters as well as in the ability to produce fruits and seeds. 
This is particularly true of annuals and perennials belonging to the same 
generation. Unlike plants of different species and requirements, their 
needs are so similar that they cannot readily adjust themselves to the 
presence of others. 

The course of competition among such plants is i^ell illustrated by 
the following experiment: Cultivated sunflowers were grown in six large 
field plots under very uniform condition of soil, etc. The seeds were 
planted 2, 4, 8, 16, 32, and 64 inches apart, one rate of seeding in each 
plot. Competition among the 2-inch plants began soon after germina¬ 
tion. Owing to elongation, these plants soon became tallest. Very 
soon, competition for light began among the 4's. Since each plant 
received more light and consequently could make more food than the 2’s, 
they outstripped the latter but were, a little later, exceeded in height by 
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8’s. Thus, as the season progressed, each group in turn had for a 
time the tallest plants (Fig. 86). The 64’8 were so widely spaced that 
little or no competition occurred and they developed normally. The 



Fio. 87.—Diagram showing the relative <levelopment of mature sunflowers grown 2, 4, 
8, 16, 32, and 64 inehcs apart, respectively, in field plots. The height varied from 3.3 to 10 
feet, the diameter of stems from 5.7 to 47 millimeters. The relative leaf surface is shown in 
Fig. 88. The spread of leaves, i.e., diameter of the plant, ranged from 5 to 37 inches. 

average development of the mature plants in each plot is shown in Fig. 87. 
The correlation between growth of tops and roots is evident. The 2\s, 
excluding suppressed plants which died, had an average height of 3.3 
feet and a root depth of 5 feet ; the 32’s were 9.6 fc^et tall and 9 feet deep. 
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The small transpiring and food-making surface of the 2^s (24 square 
inches) is in accord with the shallow penetration and slight spread of the 
lateral roots. The great leaf surface of the 32\s (3,426 square inches) was 
isupplied with water and nutrients by a network of roots that extended 
dee^ply and four times as widely (Fig. 88). 

Repeated soil sampling showed that, in 
general, water content was lowest in the 8429sq.in. 

thicker plantings and more abundant in 
the thinner ones. Often, how^ever, one of 
the vigorous, widely spaced plants was 
using as much water as the 16 or 256 
smaller ones occupying a similar area. 

Each of the latter was not only deprived ^ 
of sufficient water, having to share it with 329 
its competitors, but also its pale-yellowish, a 24 

sickly color clearly indicated, what sam- Fm. 88.— Relative leaf surface 

pling confirmed, a lack of sufficient nitrogen. sunflowers grown at distances of 
. - 1 - 1 , 2 to 64 inches apart in the field. 

Cvompetition for light was, moreover, 

severe. In midsummer, for example, the light received by the lowest 
green leaves was 12, 24, 31, 33, 40, and 80 per cent of full sunlight, 
resp(?(;tiATly, from thicker to thinner plantings. Hence, not only was 
photosynt hetic activity greatly reduced in the denser plantings, but also 
dead leaves and completely suppressed plants were numerous. 



Fiq. 89.~ -Heads of sunflowers grown at distances of 2 to 64 inches apart in the field. The 
largest is 8 inches in diameter. 


The poor conditions for growth were clearly reflected in the production 
of heads (Fig. 89). Only a few of the dominant plants among the 2’s 
bore seeds. Those averaged only 15 per head as compared with 507 
among the 16^s and 1,803 among the 64's. The seeds, moreover, were 
very poor. In groups of 100, the relative weights were 0.9, 3.0, and 5.9 
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grams/ respectively. Since repeated experiments on a wide range of 
annual plants have shown that heavy seeds give the greatest germination, 
most vigorous plants, and largest yields, the chances of reproduction by 
greatly suppressed plants are clearly decreased.®** 

Under natural conditions of field distribution, the development of 
plants is closely correlated with the degree of competition. This is 
illustrated in Table 3 where the number, height, and diameter of great 
ragweeds {Ambrosia trifida) were determined in a small, waste area on a 
flood plain. 

Table 3.—Development of Ragweeds in Relation to Degree of Competition 


Number of 
plants per 
square meter 

Average 
. height, 
feet 

Average diam¬ 
eter of stem, 
millimeters 

12 

11.3 

19.0 

20 

10.6 1 

13.0 

33 

9.3 

9.9 

64 

8.4 

7.4 

73 

7.8 

7.2 

84 

6.8 

6.2 

154 

5.0 

3.4 


Competition among monocotyledons is very similar, except that in 
grasses the number of stalks is increased by tillering.®®^ Where Marquis 
spring wheat was grown at half the normal rate, normal, twice normal, 
and four times normal, differences were soon apparent. The thickly 
sown plants, because of competition for light, grew erect, while the 
thinly planted ones tillered and spread widely. The spindling, yellowish, 
nitrogen-starved, crowded plants contrasted strikingly with the deep 
green, shorter ones which were more widely spreading. The number of 
tillers decreased from four to one. The gradation in number and height 
of stems and number and size of leaves in older plants is shown in Fig. 90. 
The plants in the thinner plantings had more water, more nutrients, and 
a root system better developed for absorption. The larger plants, for 
example, had an average of 37 main roots, the smaller ones only 9. They 
also received more light, the range being 80, 58, 37, and 24 per cent of full 
sunlight, respectively, in the different plantings. The leaf area per plant 
ranged from 92.6 to only 6.9 square inches. At the time of harvest, the 
thickest planting averaged only 1 head per plant, there being 2 in the 
normal planting and 4 in the half normal. Moreover, as shown in Fig. 91, 
there was a marked difference in the size of heads. The yield from 
1,000 heads under the several degrees of competition varied inversely 
with the severity of competition. The yield per acre was almost as 



COMPETITION AND INVASION 


155 


great in the thinnest planting (19 bushels) as in the nonnal (21 bushels). 
Owing to the great increase in the number of plants, the 3aeld was slightly 



Fig. 90. —Representative plants of Marquis spring wheat from four plots with different 
rates of planting. The plant on the left is from the thinnest planting. 



Fig. 91. —Heads of wheat of average size from plots with different rates of planting. The 
one on the right is from the thickest planting. 


larger in the twice-normal planting (23.7 bushels) but fell to 21.6 busbe;ls 
in the four normal.^’® 
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Much work has been done to determine the best spacing of cotton 
and other crop plants to obtain the highest yields.®^^'®^® In general, the 
results are similar to those obtained for wheat.®® Among coniferous trees, 
crowding in forest stands reduces the quantity of seed produced in pro¬ 
portion to the density of the stand. Thinning promotes rapid growth.®®* 

Competition between Different Species. —Competition is closer 
between species of like form, such as grass with grass, than between those 
that are dissimilar, such as grass with dicotyledon. Shrub competes 
sharply with shrub, and tree with tree, the outcome being a reduction 
in the number or size of the individuals or the total disappearance of 
one or more species. The characters of the root, stem, and leaf ordi¬ 
narily determine the outcome. The greater the difference betwcicn 
species in one or all of these characters the less severe the competition. 
A deep taproot system such as that of the wild rose competes but slightly 
or not at all with a shallow-rooted grass. Neith(?r does the taller rosc^ 
receive light at the same level as the grass. Hence, the two may grow 
together with scarcely ai)y comp(^tition except in the seedling stage. 

In closed, stabilized communities in grassland, (competition for water 
is so severe that the growth of all species is reduced. ()ft(cn, they are 
unable to produce seed, especially during years of drought, and normally 
the inflorescence and number and size of seed are reduced. Water is 
the controlling factor, as may be showm by removing all the plants from a 
quadrat except the species under observation. The removal of (oin- 
peting plants results in an increase of water which causes a mark(Kl 
increase in growth. Figure 34 illustrates typic^al differenc(is in growth 
during a single season. In the sunflower {Helianthus rigidtis), growth in 
height increased 28 per cent and the diameter of the stem Avas doubled. 
The leaves were three times as broad, the heads twice as numerous and 
35 per cent larger, and there were more and larger seeds. Where all 
but the central 10 square decimeters of vegetation were removed from 
other quadrats and the sod overturned, the yield in these central areas 
was increased two-thirds and, in some instances, almost doubled. 

Light plays an important role in competition even in grassland, as 
has been fully demonstratc^d. Mixed cultunis of various grasst^s and of 
grasses and dicotyledons have been studied in detail. Among the 
former, even in early summer of the first season’s growth, the light inten¬ 
sity is reduced to 10 per cent or less. Hundreds of seedlings succumb 
and even the dominants may tiller only poorly. Seedling grasses, like 
seedling trees, often endure much shading. Figure 92 shows the develop¬ 
ment of a competition cmlture of tall panic grass {Panicum virgatum) and 
evening primrose (Oenothera biennis), Oenothera, being slightly taller 
and extending its roots deeper than those of the grass, soon gained the 
lead. The low light intensity, about 30 per cent, was shown by the 
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attenuated grasses and the yellowish color of the lower leaves. In late 
summer, the light values were only 18 per cent at a height of 3 inches. 
By fall, 25 per cent of the grass had died and over half of the remainder 
was suppressed. Only a few of the grass leaves overtopped the competir 
tor and received full sunlight. These were making photosynthate 



Fig. 92.— A. Competition between tall panic grass and evening primrose. There 
Mre 294 grass seedlings and 48 of evening primrose in the central lOQ square inches. B. 
The same culture 20 days later. The number of evening primroses is the same but there 
arc 55 more grass seedlings. 

almost twice as rapidly as the shaded leaves of the suppressed plants. 
By the end of the second season, the biennial Oenothera had completed 
flower-stalk production, seeded, and died. It failed to reproduce in 
the area the following spring. The few starved grasses that remained, 
in the absence of their competitor, made a renewed growth. They tillered 
abundantly and soon had complete and permanent possession of the area. 
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Prairie species show a great range in their ability to endure shading. 
The lower leaves of some, 6.^., prairie false boneset (Kuknia glutinosa), 
will turn yellow and die when light is greatly reduced; others, like blazing 
star {Ldatris), make a slow growth when the light values are only 5 to 
10 per cent and may appear above the general grass level only after a 
period of several years. A dominant must have several characteristics. 
Among these are size—^usually it has a stature as great as or greater than 
its competitors^—abundance, and duration. It must occur in sufficient 
numbers so that it controls the area and be of long duration so that it can 
hold it against invaders. 

Competition among Cultivated Crop6.—Man's chief concern in grow¬ 
ing plants is to secure the largest and best yields. One of his main 
problems, although usually not recognized as such, is to regulate the 
degree and kind of competition. Aside from the preparation of a good 
seedbed to promote rapid and uniform germination and establishment, 
and the maintenance of soil fertility, his chief efforts are directed toward 
tillage. Extensive experimental evidence shows that among both field 
and garden crops the chief value of tillage lies in weed control (i.c., 
competition) and not in the preservation of a soil mulch.Most 
cultivated plants have been so long aided by man that they no longer 
successfully compete with weeds.®”*^ If the latter are not controlled, the 
growth and yield of the crop arc greatly reduced. In Illinois, for example, 
corn averaged 46 bushels per acre where weeds were kept down by scrap¬ 
ing the soil surface but only 7 bushels where the weeds were allowed to 
grow.®22 Where the weeds have been eradicated or are insignificant, how¬ 
ever, further cultivation is of little or no value, and if it is so deep as to 
cause root injury it may be distinctly harmful. 

In well-kept fields, competition is between individuals of the particular 
crop. This increases with thickness of planting upon soils of equal 
fertility and water content. Since more widely spaced plants develop 
larger individuals and fruits, the reduction in yield is not proportional 
to the reduction in stand. It has already been seen that wheat sown at 
one-half the normal rate produces a 3 deld nearly as great as that sown 
at the normal or even twice the normal rate. Where three grains of 
com were planted per hill in hills 3.5 feet apart, and 7 per cent of the 
hills were missing, the yield was 86 bushels per acre. Where 13 per cent 
were missing, the yield increased to 88 bushels. A decrease of 17 per 
cent in the stand gave a yield of 84 bushels, and with a decrease of 57 
per cent the yield was 57 bushels. In another experiment where three 
plants were grown per hill, the yield was 83 ears per 100 plants; two per 
hill yielded 96 ears; and one per hill, 168.^” The yield of the two hills 
of potatoes adjacent to a space where the hill has been skipped may be 
40 per cent more than that of two other competing hills.^” 
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Frequently, greater yields are obtained by increasing the density 
of planting, but the size of both vegetative parts and fruits is reduced. 
This may be desirable, as in such crops as carrots, beets, etc. Onion 
sets of small size are obtained by very close planting, as is also the medium¬ 
sized head of cabbage or cauliflower. The total 3 rield of potatoes may 
be increased by planting thickly, but the yield of the larger tubers is 
reduced. 

Variety and yield tests of com and many other crops are usually 
made under the “ear-to-the-row” method of planting. The results of 
such tests have been shown to be often completely misleading because 
of the effects of competition. Where large and small varieties of corn, for 
example, were grown in alternating rows, the smaller variety yielded only 
66 per cent as much as the larger one; and when planted in the same hill, 
only 47 per cent. The larger variety was 8 feet tall and had a leaf area 
more than twice as great as that of the smaller onf which was less than 
6 feet in height. Undoubtedly, the root s^tc^ ww proportionately 
more extensive. That the small variety was being robl^ of light, water, 
and nutrients properly belonging to it was shown where each 

crop was surrounded by its kind. In this test, corn was grown in 
plots with five rows per plot, and only the thm center rows were 
harvested. Thus, the so-called border effect, Ti^ere the small variety 
was poorer and the larger one better, was'^minated. The yield of the 
small variety under these conditions was 85 per cent as great as that of 
the large one. Similarly, thin stands of wheat in rows alternating with 
thick ones yielded only 68 per cent as much as the thick. But the three 
middle rows in alternating five-row blocks of thin and thick stands 
yielded 90 per cent as much as the thick. Thus, it seems clear that any 
crop that is being tested should be surrounded by a crop of the same kind 
to eliminate the factor of unusual competition.^*®-"^ 

In some periods in the development of a crop, competition may be 
distinctly beneficial. In most orchards, fertilizers evoke the greatest 
response when they are applied so that nitrogen is available early in 
spring. No cover crop should be competing with the trees for nitrogen 
at this time. A growth of sod often so reduces the supplies of water and 
nitrates that the size of fruit is greatly decreased and the yield much 
reduced. Oats sown in late summer, however, use a large amount of 
both water and nitrogen so that the growth of the trees is correspondingly 
checked. They ripen their wood and enter the winter properly prepared 
to withstand the cold. The mulch of oats, moreover, insulates against 
freezing of the soil and protects the tree roots which are more tender 
than the tops. It holds the fallen leaves about which the snow accumu¬ 
lates. The cover crop is plowed under in the spring and thus manure is 
added at a time when it is most needed.^ 
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Evaluation ai the Several Factors. —The effects of the several factors 
for which plants ordinarily compete, viz., water, light, and nutrients, are 
almost always so' integrated that they can be determined only under 
controlled conditions where all but one are eliminated. 

In a series of experiments, large containers, 1 square foot in cross 
section, were filled with 2 cubic feet of fertile soil. Plants were grown 
in series, sunflowers and cockleburs {Xanthium commune) in different 
containers at the rate of 2, 4, 8, 16, and 32 per container, and wheat at 
the rate of 4, 8, 16, 32, and 64 plants. At the time of planting, the soil, 
which was of equal weight in each can, had an optimum water content. 



Fio. 93.—Sunflowers competing for light and water. All arc of the same age, but the 4’s, 
8’b, IG’a, and 32’a received only as much water as the 2 ’h. 

Water loss from the surface was prevented by a thick gravel mulch (Fig. 
93). Transpiration was determined by repeated weighings, and both 
water and a complete nutrient solution added as required in the control 
series. In the competition-for-water series, at every weighing each 
container received only the amount of water necessary to restore the 
original weight of the container with the smallest number of plants. 
Thus, competition for water became more and more severe as tlie number 
of plants per culture increased. Nutrients were maintained in some 
series by adding a nutrient solution in amounts proportional to the 
increasing density. In all but the thinnest cultures, there was also 
competition for light. 

Where eight wheat plants were grown per container with both 
water and nutrients maintained, the dry weight per plant was 4.5 grams; 
where they competed for nutrients, only 4.4 grams, but where they com¬ 
peted for water, it was only 3.7 grams. Leaf areas in the same sequence 
were 35, 36, and 25 square inches. Denser cultures gave similar results 
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(Table 4). A progressive decrease in amount 6f growth also occuned 
even where competition was for light only. Similar results were obtained 
with cockleburs arid sunflowers. 

Table 4.—Development op Marquis Spring Wheat under Different Conditions 

OF Competition 

(Average dry weight per plant in grams, leaf areas, in parentheses, in square inches) 


Competition for 8’s IB’s 32’b 64'a 


Water and light. 3.7(25.1) 2.0 (9.0) 1.2(4.0) 0.7 (2.8) 

Nutrients and light. 4.4(36.3) 2.2(12.0) 1.8 (9.8) 1.0 (3.7) 

i:ightonly. 4.5(34.6) 2.6(11.6) 1.7 (7.8) 1.0 (3.1) 


Competition between Root Systems of Crops and Weeds. —When a 
field is inftisted with weeds, competition with the crop plants often begins 
b(dow ground soon after their root systems occupy the same portion of the 
soil. In fact, the total extent of roots of seedlings and mature plants is 
profoundly influenced by the presence or absence of competing species. 
For example, on the plains of central Canada the total length of the 
three seminal roots of wild oats reached 613 feet at the end of 80 days; 
the four or five of Marquis spring wheat 690 feet; but the six or seven of 
Hannchen barley 971 feet. The great importance of the early developed 
portion of the root system is shown in the fact that on land equally 
infested with wild oats, barley may produce a reasonably clean crop 
while wheat fails. But wild oats produces crown roots much earlier 
and in mu(di greater numbers than any of the cereal crops. At maturity 
of the crop, the total length of the crown roots of Marquis wheat was 
159 feet; wild oats 763 feet; and Hannchen barley 359 feet. Thus, unless 
wild oats is suppressed in its early stage of development by a cereal crop 
of uniform stand, there is little chance for this weed to be controlled, 
owing to its extensive crown-root system.®^® 

Marquis wheat had a definite advantage over wild oats at 5 days 
after emergence, but had lost nearly all of this by the end of 22 days. 
After 40 days of growth, its root system was excelled by that of wild 
oats, which at the time of maturity was four times as long as that of 
Marquis wheat. Hannchen barley even at 5 days after emergence had a 
very great advantage over wild oats and steadily increased this pre¬ 
dominance thereafter. 

These data are from plants grown in drill rows 6 inches apart. When 
grown without competition, these plants developed root systems and 
tops approximately ten times greater. ®®2 The total root length of 
Marquis spring wheat was 44 miles and that of wild oats 54 miles.®^ 
A single crown root of wild oat.s had a total length of 4,5 miles. In fact, 
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pr^ctioiJly idl plants found in natura or in cultivated fields are greatly 
reduced in sise because of competition with their own or other species.**^ 
Crops of Marquis wheat and Hannchen barley were sown in the 
usual 6-inch drill rows and wild oats or wild mustard between the rows 
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Flo. 94i4. 

Fla. 94.—Root systems of Delicious apple two years after transplanting: A, competition 
with maize planted in rows 3.5 feet on each side of the tree; R, without competition. Oh 
an average, competing trees extended deeper than the controls. {After W. W. Yocum.) 

SO as to simulate closely average field infestation by these weeds. Com¬ 
petition was very great between Marquis wheat and wild oats, where, 
22 days after emergence of the shoot, the total root lengths were 184 and 
119 feet, respectively. It was less in the case of Hannchen barley where 
the roots of the crop plant totaled 390 feet and those of the weed 80 feet. 
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The competitive ability of the root system is determined not only by the 
extent but also by the natural distribution of the roots. Those of 
barley were more concentrated near the surface than were those of wheat, 
which were more thinly and evenly distributed.®®^ The wild oats 
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mmsture conditions, the ability to develop a large, efficient, assimilating 
surface in the early seedling stage, and the possession of a root system 
with a large mass of fibers close to the surface, with the main roots 
penetrating deeply. 

Competition between Fruit Trees and Maize. —The effects of compe¬ 
tition on the roots of young apple trees, where the space between the rows 
is interplanted to corn, are marked. Where maize was grown 3.5 feet 
from the trees during two seasons, the average lateral spread of tree roots 
was 4.2 feet. Where the corn was grown 5 feet distant, the spread was 
4.7 feet, and where 7 feet from the 2-year-old tree transplants, it was 
5.1 feet. Trees without competition extended their roots 7.7 feet later¬ 
ally. There was a marked tendency of the lateral roots to turn sharply 
downward as they approached the drier soil under the corn (Fig. 94). 
Where lateral spread was limited, depth of penetration increased. Thus, 
the average depth of tree-root penetration the second year was 11.3 feet 
where corn grew nearest the trees but only 9.8 feet where the annual 
competitor was 7 feet distant. 

Role of Competition in Succession. —Competition exiirts a controlling 
influence in succession. Among pioneers in a bare area, except in the 
hydrosere, it is usually restricted to the soil, where the roots compete 
with each other for water. As vegetation develops, competition for 
light plays an important part and the regular outcome, in many cases, is 
dominance. This is particularly true as the bare area becom(»-s covered 
and success in ecesis comes to depend upon the ability to overshadow 
other plants. The taller x)lant gradually gains the iipx)er hand, partly 
because it receives more light and makes more growtli and partly becaus(* 
its demands are increased by greater transpiration. In order to meet this 
demand for a greater water supply, the root system develops mort* 
extensively and encroaches upon areas occupied by smaller plants. 
At the same time, the shorter plant receives less light, transpires less, 
and its needs for water diminish. This interplay of coniix^tition and 
reaction occurs in all communities with individuals of different height 
and extent, but in varying degrees. It is well illustrated in the different 
types of grassland. Short grasses, like buffalo and grama grasses, are 
not abundant in true prairie because of unsuccessful competition for 
light. In mixed prairie, there is enough water for the mid-grass cover 
and enough light for a fair understory of short grasses to thrive. 

Where dicotyledonous herbs are abundant, competition for light is 
more severe. Thus, in grassland, as well as in forest, layers come to be 
developed although not with the same definiteness. Aniennariaj certain 
species of Astragalus, and other prostrate plants form the lqw<^r or ground 
layer. The layer of grasses above is overtopped by one of. dicotyledonous 
herbs such as goldenrods, asters, sunflowers, etc. The dominance of 
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trees is only the outcome of a competition in which position means the 
control of light and, thus, of water. Where the water supply is in excess, 
as in submerged plants, competition of shoots alone may occur. 

Competition, in affecting the supply of water and light, is most 
decisive during the development of the seedling and at the time of 
reproduction, particularly among perennials and woody plants. Accord¬ 
ingly, it plays a large part in determining the number of occupants 
and of invaders in an area in each stage of a sere and thus in helping to 
control the course of development. 

The general effect of competition between one group of plants and the 
invaders in each stage of the sere has already been sketched under suc¬ 
cession. Those invading species that show the greatest resemblance to 
the occupants in the form of leaf, stem, and root exi>erience the greatest 
difficulty in establishing themselves. Invasion of shrubs by shrubs, 
Fhragmites by Typha, etc., is very difficult. On the contrary, species of 
unlike life form enter cither at a clear advantage or disadvantage, e.g., 
shrubs into grassland or herbs into forest. A reaction sufficient to bring 
about the disappearance of one stage can be produced only by the entrance 
of invaders so different in form or nature that they change the impress 
of the community materially or entirely. Vegetation becomes stabilized 
when the entrance of such invaders is no longer possible. For example, 
wliile species of many vegetation forms may enter a forest, none^of them 
is able to place the trees at a disadvantage. Hence, the final forctet stage, 
though it may change in composition, cannot be displaced by another. 

Competition in Relation to Conservation Projects. —Since cover in 
some form is the chief feature of conservation, the reduction or elimination 
of ('om petition is a matter of primary conceni. In sowing to restore 
jjastun^ or range, it is essential to remove or break up the sod m order 
to give seedlings a fair chance for ecesis. Similar measures are necessary 
in the case of a nurse crop where temperatures are high and drought is 
frequent. The shelter thus afforded is often more than offset by root 
competition, and it is then desirable to restore the balance by utilizing 
an annual crop and sowing in the stubble. Among the alien or intro¬ 
duced species especially, very few are so well adapted to the plains as the 
native grassses. Hence, they require not merely the destruction of the 
latter by plowing, but also cultivation from time to time to prevent 
the return of the natives. In bringing about natural recovery on the 
range, especially in the mixed prairie, the first need is complete rest for a 
year or so, or at least a sharp reduction in the number of cattle, in order 
to restore the competitive balance. This permits the grasses again to 
reduce the forbs to their proper position of subordination and then to 
adjust the competition l>etween themselves in such a way as to reestab¬ 
lish the mixed cover of mid and short grasses. 
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In regard to windbreaks and shelter belts of all sorts, a twofold 
competition is involved, to say nothing of that between the individuals 
and species employed. As has been shown so graphically by the timber 
claims planted a half century or more ago, it is imperative to cultivate 
to keep out weeds and grasses until the trees are large enough to accom¬ 
plish this by shading. On the other hand, the roots of the trees often 
extend a considerable distance into the cultivated field and reduce or 
suppress the yield. This loss is the unavoidable cost of protection 
against the wind, and there is little recourse other than to leave a bare 
area of the proper width. 


INVASION 

Invasion is the movement of one or more plants from one area into 
another and their establishment in the latter. It is thus the complete 



Fio. 95.—Coralberry {Sympnoricarpoa) invading grassland in eastern Nebraska. 

and complex process of which migration, ecesis, and competition are 
the essential parts. It is going on at all times and in all directions. 
Invasions may occur in bare areas or in areas already occupied by plants. 
The former initiates succession; the latter continues the sere by producing 
successive stages until the climax is reached. But even then invasion 
does not necessarily cease. As a rule, however, invasion into a climax 
community is either ineffective or it results merely in the adoption of the 
invader into the dominant population. Practically all invasions of 
consequence either populate bare areas or produce new developmental 
stages. 

- Effective invasion is nearly alwa 3 rs local. It is usually mass invasion 
such as shrubs into grassland or willows on to sand bars (Fig. 95), It 
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operates between bare areas and adjacent communities which contaiin 
species capable of pioneering and between contiguous communities which 
offer somewhat similar habitat conditions or at least contain species 
of a wide range of adjustment. Invasion into remote areas rarely has 
any successional effect, as the invaders are too few to make headway 
against the plants in possession or against those much nearer a new area. 
The invasions resulting from the advance and retreat of the ice during 
glacial times were essentially local. They spread over large areas and 
moved long distances only as a consequence of the advance or withdrawal 
of the ice. The actual invasion at any one time was strictly local. 

Invasion into a new area or plant community begins with migration 
and is followed by aggregation and competition, with increasing reaction. 
In an area already occupied by plants, ecesis is immediately followed by 
competition and reaction, e.g,, decrease of light and water is quickly 
produced. Throughout the whole process of the development of vegeta¬ 
tion, migrants are entering and leaving, and the interactions of the 
various processes come to be complex in the highest degree. 

Kinds of Invasion. —Local invasion in force is essentially continuous 
or recurrent. Willows or cottonwoods, for example, may invade the new 
deposits made by a river only to be destroyed by unusual floods. But 
by invading the area each year or after each catastrophe, these deposits 
may finally be built up and covered with a willow-cottonwood forest. 
Likewise, trees might invade grassland only to be repeatedly burned 
with the grasses. By continuous or recurrent inva:uon, conditions may 
finally arise where the grasses disappear as the result of shading and 
prairie fires will cease. Between contiguous communities, invasion is 
mutual, i.e., it takes place in both directions, unless the communities are 
too dissimilar. There is an annual movement from each community 
into the other, and often a forward movement through each, resulting 
from the invaders of the previous year. By far the greater amount of 
invasion into existing vegetation is of this sort. The result is a transi¬ 
tional area or ecotone between the two communities, e.g., shrub-lierb area 
between woodland and grassland, water lily-bulrush area between floating 
plants and reed swamp. Such ecotones indicate the next stage in 
development. The movement into a bare area is likewise continuous, 
though not mutual, and, hence, there is no ecotone during the earlier 
stages. In continuous invasion, an outpost, such as trees or shrubs in 
grassland, may be continuously reenforced, permitting rapid aggregation 
and ecesis and the production of new centers from which the species may 
be extended over a wide area. 

Intermittent invasion commonly arises through intermittent or periodic 
movements into distant regions. Such invasion is relatively infrequent 
but is often striking, owing to the fact that the invader often wanders 
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far from the original home. It is rarely of eonsequence in causing succes¬ 
sion. Invasion is complete when the movement of invaders into a com¬ 
munity is so great that the original occupants are driven out. This is 
characteristic of the major stages of succession where one life form 
replaces another. Where the number of individuals is sufficiently small 
to be adopted into the community without changing it materially, inva¬ 
sion is said to be partial. Partial invasion is more freqiuint though less 
conspicuous than complete invasion. Between thij two there are neces¬ 
sarily transitions. Permanent invasion occurs when a species becomes 
permanently established in a more or less stable community. The term 
is entirely relative. Spike rush, for example, illustrates permanent inva¬ 
sion into a sedge meadow. But in each sere, initial and medial stages 
are temporar}^ in comparison with the climax. Though the initial 
stages of a rock sere may last for centuries, they must finally pass in 
the course of development just as the climax stage will disappear should 
there occur a marked change in climate. 

Manner of Invasion. —Bare areas present very different conditions 
for invaders from those found in plant communities. This is due to 
the absence of competition and often to the reactions the plants have 
exerted upon the habitat. Conditions for germination are nearly always 
more favorable in plant communities, but the fate of the seedling and 
adult is then largely determined by competition. Open communiticjs 
are invaded readily; closed ones, with more difficulty if at all. Open 
communities are those which have factors in excess of the demands of 
the existing populations; in closed ones, the plants are in (;lose adjustment 
with the usual supply (Fig. 96). A community is not n(H;(\ssarily open 
(desert., spruce forest) because a part of the surface is bare. Secondary 
bare areas usually afford maximum opyjortunity for invasion. This is 
partly due to lack of competition but esp(?cially to the fact that condi¬ 
tions are more or less optimum for the germination and growth of a wide 
range of species. Primary areas (water, rock, sand) prejseiit only (extremes 
of water content, and thus exclude all invaders except a few pioneers. 

In all invasions, after the first or pioneer stage, the ndative level of 
occupants and invaders is critical. Invasion may occur at three different 
levels. A community may be invaded at its level, i.e., by species of the 
same general height as those in occupation, or below or above this level. 
When invasion is at the same height, e.g., trees in forest, the level has no 
effect and the sequence of development is determined by otht^r features 
such as ability of seedlings to endure shade. If it is above the level of 
the occupants, such as mosses above crustose lichens, the newcomers 
become dominant as they stretch above their neighbors and soon give 
character to a new stage. This is notably the case with shrubs and trees 
in which the close dependence of the sequence of stages upon life form is 
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most evident. When invasion is below the existing level, it has rio 
direct influence upon the dominant species unless the latter are handi¬ 
capped as in overgrazed mixed prairie. Such invaders normally take a 
subordinate place as secondary components of the community. A 
unique exception is that of the peat moss, Sphagnum, In wet climates 
it may invade the forest floor where springs or seepage water occur. 
Holding the water like a sponge and annually increasing its territory, 
it may so waterlog the area that thc^ forest disappears. 



Fia. 96.—Invasion of salsify {Tragopogon pratcnse) into prairie at Lincoln, as a result of 
small bare areas due to drought. 

To Determine the Water-retaining Power of Sphagnum. —Place loosely 100 grams 
of air-dry, coTiimorcial peat moss {Sphagnum) in a small sack of cheesecloth, and 
submerge it in water for an hour or longer. Reweigh and determine the percentage 
of water retained, based on the dry weight of the moss. Examine a living leaf under 
the microscope and make out the narrow, elongated, living cells containing chloro- 
plasts and the intervening, larger, colorless dead cells. The latter are held open by 
spiral thickenings on the inner surface of the cell walls and air escapes through the 
pores as water enters tlie cell. Also, view the leaf in cross section. 

Source of Seed. —It was long believed that seeds r(?mained viable in 
the soil for a century or more and that this furnished the explanation of 
most successions, especially after fire or lumbering.2®^ . With the appear¬ 
ance of more exact methods, the consensus swung to the opposite extreme 
and has only recently begun to move to an intermediate position. While 
there are limits to the viability of seeds and of rootstocks, these are often 
wider than has been supposed, and the survival of some seeds in favor¬ 
able conditions in the soil may be a matter of several decades and possibly 
a century in certain species.*® Naturally, this depends in large meas- 







l^ANT MCOLOGY 


tipon the size and chara;eter of fruit or seed, those with hard coats 
usually living for a longer period.^®* In general, viability is greater in 
forest and dense scrub and in early stages of the hydrosere and much less 
is grassland, though weeds are a frequent exception. 

When the chaparral of southern California is burned, the area is 
covered the next season by a dense growth of forbs, chiefly annuals, 
and it is practically certain that the seeds of these have lain in the ground 
for 5 to 25 years or more. In the Great Plains, grain fields abandoned 
after 3 to 16 years of shallow tillage are reclothed in 3 to 5 years with the 
climax grasses, Agropyron smithii in particular. The hardy rhizomes 



Fig. 97.—Western wheat grass {Agropyron smithii) re-covering silt-loam farm land aban¬ 
doned 4 years, near Rosebud, S. D. {Photograph by W. L. Tolstead.) 


are broken up but not destroyed by plow and drill and develop rapidly 
after the competition of the grain has been removed (Fig. 97). With 
better methods, both rootstocks and seeds are destroyed and the natural 
succession is much slower, requiring 20 to 40 years. The weeds of the 
first few years are derived as a rule from seed in the soil, but the grasses 
invade almost wholly by virtue of fruits blown in from roadsides, hay- 
fields, or other relict communities. The first colonization is from such 
areas, and the pioneers continue to advance in the direction set by the 
prevailing wind. 

Barriers.—Any feature of the topography or any physical or biological 
agency that restricts or prevents invasion is a barrier. It may be a 
mountain range, a highly alkaline soil, or grazing animals. Topographic 
features are usually permanent and produce permanent barriers. Bio- 
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logical ones, cultivation and bunung, jare oft^n temporary and exist 
for a few years or even a single season. Temporaiy barriers are often 
recurrent, however. Barriers are complete or incomplete with respect 
to the thoroughness of their action. A water-filled depression permits 
certain plants to ecize, but a large lake is a complete barrier to most land 
plants, since they can neither migrate across it nor ecize in it. The 
chief effect of barriers upon invasion is exerted upon ecesis and not upon 
migration. 

Physical Barriers .—Barriers are physical when due to some marked 
topographic feature such as an ocean^ lake, river, mountain range, 
or desert. All of these affect invasion because of their dominant physical 
factors, 2 .e., excess or deficiency of water, temperature, nutrients, etc. 
They prevent the ecesis of species coming from very different habitats, 
though they may, at the same time, serve as conductors of plants between 
similar habitats, as in the case of a river between two lakes. A body of 
water is a barrier to mesophytes and xerophytes; deserts set a limit to 
the invasion of mesic and hydric plants, while they favor xeric ones. 
By its reduction of temperature, a high mountain range restricts the 
extension of plants of lowlands and plains. It is also more of an obstacle 
to migration than most physical barriers, because of difficulty of move¬ 
ment up its slopes. Any bare area with extreme conditions is a barrier to 
the invasion of adjacent communities. It is not a barrier to the develop¬ 
ment of a sere upon it, since the proper pioneers are always able to invade. 

Biological Barriers .—Biological barriers comprise plant communities, 
man and animals, and parasitic plants. Invasion is limited by a plant 
community in two ways. An association, e.g,, woodland, acts as a bar¬ 
rier to the ecesis of species invading it from associations of another type 
on account of the physical differences of the habitats. Whether such a 
barrier be complete or partial will depend upon the relative unlikeness 
of the two areas. Shade plants are unable to invade a prairie, though 
the species of open thickets or well lighted woodland may do so to a 
certain degree. A mature forest, on account of its diffuse light, is a 
barrier to sun-loving plants, while a swamp, because of its excess of 
water and poor aeration, sets a limit to the invasion of species of both 
woodland and grassland. Forests and thickets act as a mechanical 
obstacle especially to the migration of tumbleweeds and many other 
wind-distributed plants. Closed communities whether forest, grassland, 
or desert, exert a marked influence in decreasing invasion by reason of 
the intense and successful competition all invaders must meet. Closed 
associations usually act as complete barriers, while more open ones 
restrict invasion in direct proportion to the degree of occupation. Thus, 
the number of stages in succession is determined largely by the increasing 
difficulty of invasion as the area becomes stabilized. 
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Man and animals affect invasion by the destruction of disseminules. 
Both in bare areas and in serai stages, the action of rodents and birds 
is often decisive to the extent of altering the whole course of development. 
Man and animals act as barriers by flooding, draining, etc., or, when they 
turn the scale in competition, by cultivation, grazing, trampling, para¬ 
sitism, or in other ways. 

The absence of pollinating insects is sometimes a curious barrier to 
the complete ecesis of species far out of their usual habitat or range. 
When red clover was first introduced into New Zealand, it was unsuccess¬ 
ful as a crop, since it did not produce seed. With the introduction of the 
bumblebee, upon which the plant is usually dependent for pollination, 
the clover became a very successful invader.'^^^ Similarly, Smyrna figs 
when introduced into California grew well and blossomed but did not 
set fruit. Their ecesis was incomplete until the small wasp which 
effects pollination was also introduced. Parasitic fungi decrease migra¬ 
tion in so far as they destroy seeds or reduce the number produced. They 
restrict or prevent ecesis either by the destruction of invaders or by 
placing them at a disadvantage with respect to the occupants. 

Changes in Barriers .—A closed formation, such as a forest or meadow 
which acts as a decided barrier to invasion, may disappear completely 
as the result of a landslide, flood, or burn, or through the activity of 
man, and leave an area into wliich migrants crowd from every direction. 
A marsh or swamp ceases to be a barrier to prairie xerophytes during a 
period of unusually dry years, such as regularly occurs in semiarid regions. 
Conversely, during a series of wet years mesophytes may enter into the 
development of a sere at a stage where thej^ are usually barred by deficient 
water content. The succession may be much shortened and one or 
more stages omitted. Many xeric habitats such as dunes, gravel slides, 
blowouts, prairies, etc., are barriers during summer and autumn but not 
during spring when the dry, hot surface becomes sufficiently moist to 
permit the germination and growth of invaders. The influence of dis¬ 
tance as a barrier has been discussed under migration. 
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SOIL IN RELATION TO PLANT DEVELOPMENT 

The soil is the unconsolidated outer layer of the earth’s cnist, ranging 
in thickness from a mere film to somewhat more than 10 feet, whicli 
through processes of weathering and the incorporation of organic matter 
has become adapted to the growth of plants. It is underlaid usually 



Fill. 98.—An orrhid (Dendrohium), showing aerial roots covered with white velameii. 
This is a modifiration of the epidermis consisting of layers of dead cells which readily absorb 
water during rains, etc. (After Gager, General Botany, P, Blakieton's Son A Co.) 

by unconsolidated parent materials into which the deeper roots of plants 
frequently extend. The true soil or solum is generally made of the same 
parent materials which it covers. Nearly all higher plants except 
parasites and epiphytes are rooted in the soil (Pig. 98). The latter do 
not depend on the soil directly but secure nutrients or support from plants 
thus anchored. Even floating water plants secure the necessary soluble 
salts that have been dissolved from the soil. The soil often contains and 
acts upon a much more extensive portion of the plant body than does the 
atmosphere. Moreover, vegetation has played a remarkable role in the 
formation of this medium in which plants are anchored and from which 
they obtain their water and nutrients. 
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Nature and Origin of Soil. —The geological formations, through 
weathering, produce the parent materials of soil. These materials 
constitute the bulk of the soil and for a long time determine its physical 
character. Thus the chief component of most soils is derived from 
rocks. More than 90 per cent by weight of ordinary air-dried soil 
consists of rock fragments. The small, angular fragments have been 
derived from the rock and possibly later transported by wind or water 
(Pig, 99). During past centuries, rocks have disintegrated and they are 
still disintegrating by the action of such forces as alternate freezing and 
thawing, formation of ice in pores and crevices, erosion by wind and 
running water, and surface scouring by glaciers. The same physical 



Fiq. 9ft.- -Disintegration of a granite boulder into gravel and sand and the further break¬ 
ing down of these by the roots of herbaceous plants. 

forces that have weathered the rock have, in most cases, moved the frag¬ 
ments to other places where the soil is formed. Accompanying this 
process of fragmentation is the exceedingly important process of chemical 
corrosion or decomposition, for plants cannot grow in rock fragments, 
no matter how small the particles, unless the nutrients locked in these 
particles as insoluble compounds are changed chemically to water-soluble 
substances. The latter alone can be absorbed by the roots. The funda¬ 
mental reactions include hydrolysis, hydration, carbonation, and oxida¬ 
tion. They are common both to rock-weathering and to soil-forming 
processes. 

The mineral matter derived from the rock material constitutes the 
matrix of the soil; it is very stable. The particles that have been exposed 
on or near the surface for centuries, even those of long-cultivated soils, 
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scarcely differ from those of the deeper soil that have been protected 
and undisturbed. 

The destructive physical and chemical activities of weathering must 
be followed or accompanied by constructive biological forces in order to 
build a soil. Following or accompanying the accumulation of parent 
material there is the introduction of living matter which is largely 
responsible for the constructional processes of soil development.^^® 
The residues of plants return more to the soil than the green plants have 
taken away. Throughout their lives plants have synthesized many 
organic substances such as sugars, starches, celluloses, fats, and proteins. 
Most of these materials return to the soil when the plant d'^.es. The 
added organic matter produced by vegetation introduces a fundamental 
change. The substrate is no longer the former one of mineral matter 
alone, but now contains stored energy in the form of organic material. 
The soil soon becomes the abode of bacteria, fungi, and many other 
organisms. Throughout the whole process of soil development, plant 
and accompanying animal residues are converted, largely by the activities 
of microorganisms, into the dark-colored organic matter of the soil. 
Thus, the two functions of living matter in soil development are synthesis 
and decomposition. The total organic matter or humus of a mineral 
soil constitutes from less than 1 to more than 15 per cent of its dry 
weight. Sometimes soils are largely formed by the accumulations of 
organisms, as in peat or muck. 

A true soil has five constituents: (1) the mineral particles of various 
sizes and in different stages of chemical de(;omposition; (2) organic matter 
in various stages of decomposition ranging from raw litter to well- 
decomposed humus; (3) the soil solution of various inorganic salts; (4) 
the soil atmosphere occup 3 dng interspaces not filled with soil solution; 
and (5) microorganisms, both plant and animal. 

The clieniical and physical characters of soils are determined, at 
least for a time, by the kinds of rocks from which they are derived. Soil 
derived from sandstone, for example, has much coarser particles and, 
consequently, a lower water-holding capacity and better aeration than 
the clay derived from limestone. The latter, moreover, may be rich in 
calcium carbonate; tlu^ former has little or none. Clearly, these factors 
have a profound effect upon the vegetation growing on the two types of soil. 

Soil Texture.—Soils differ a great deal in the relative fineness or 
coarseness of the particles of which they are composed. These range 
from coarse gravel to dimensions below the visibility of the most powerful 
microscope. Texture is that property which has to do with the relative 
proportions of particles of different sizes. Of the three general groups of 
soil particles, the coarse ones are sand, those of medium size are silt, and 
the very fine particles are clay and colloids. The coarser particles of 
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sand (0.2 millimeter in diameter or larger) have no colloidal properties 
and cannot absorb water or solutes. They do not cohere into crumbs or 
exhibit plasticity. Neither do they have any chemical action in the soil. 
They do have an important effect in counteracting certain unfavorable 
properties of clay. 

The chief physical properties of clay are a high water-holding power, 
high plasticity or stickiness, a prop)crty of swelling wdien moist and of 
shrinking w^hen dry, often accompanied by soil cracking. In fact, most 
of the colloidal properties of the soil are due to the clay fraction and 
decomposed organic matter. The inorganic soil colloids are complex 
aluminosilicates resulting largely from the partial weathering of feldspars 
and other primary minerals. The nature and amount of soil colloids 
determine more than any other constituent the character of the soil. 
They are so tremendously important as retainers of soil water and nutri¬ 
ents and in furnishing these to root hairs and roots that they have been 
designated the ‘'p)rotoplaBm of the soil.'’ 

Base exchange is an important chemical reaction occurring in both 
the inorganic and organic colloids of soil. The colloidal nucleus or 
micelle is negatively charged and has the power to adsorb cations of 
calcium, magnesium, potassium, sodium, hydrogen, and other elements. 
Any cation can be replaced by another cation and thus go into solution 
and be made available for absorption by plant roots. Soil colloids are 
of three principal types which are designated as the hydrogen, th(' 
sodium, and the calcium colloids, which are more or less saturated with 
adsorbed positively charged hydrogen, sodium, or calcium ions, respec¬ 
tively. In the absence of calcium, magnesium, or other flocculating 
electrolytes, the hydrogen colloid is acid and easily dispersc^d into a 
colloidal suspension which may be readily leached from the surface 
soil. The sodium colloid is highly alkaline and is even more easily 
disperscid and likewise leached. But the calcium (Jolloid is mildly alkaline 
and remains in a flocculated condition.The (rolloids are never com¬ 
pletely of one type in nature. Even the small absorbing power ixissessed 
by coarser soil particles may be due to a thin creating of colloidal materials. 
Coarser soil particles are cemented by clay into soil crumbs. Soil with¬ 
out clay would resemble a pile of sand. Chc^.mically, clay is reactive in 
the presence of water. Fine sands and silts are intermediate in some of 
the properties described for coarse sands and clay.^^® 

The actual diameters of the various particles are shown in Table 5. 
The relative amounts of these different grades of particles in a soil 
determine its texture. The coarse soil materials, consisting mainly of 
quartz or shatterenl rock fragments, represent the **skeleton" of the soil. 
Their function is largely that of anchuring the plant. Only the finer 
particles, the main products of weathering and decomposition, are very 
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active in plant nutrition. The effect on the total surface of soil particles 
makes texture important as a soil property. The finer the particles the 
more surface is presented for the retention and solvent action of water 
and the greater is the absorbing area for plants. For example, coarse 
sand grains are 0.5 to 1 millimeter in diameter, but clay particles are so 
small that it requires approximately 65,000,000 of the largest of them to 
equal one grain of sand.®"** The clay particles are so finely divided that 
they exhibit the properties of matter in the colloidal state, one of which 
is an exceedingly great water-retaining capacity. The surface area 
presented by a single cubic inch of clay is 10 or more square feet, that of 
coarse sand only about 100 square inches. 

With respect to texture, soils may be grouped into a number of 
classes such as sand, sandy loam, clay loam, and clay. Each is deter¬ 
mined by the proportion of silt, clay, and sand that it contains. The 
class to which a soil belongs can be clasely approximated by examination 
in the field and determined accurately by mechanical analysis. This 
consists of separating the soil into the grades of particles of which it is 
composed and determining the percentage of each. Tlie coarser sands 
are separated by means of screens, the fine sand, silt, and clay, in water 
under the action of gravity after complete dispersion. This process of 
sedimentation is basc^d on the principle that the larger particles sink more 
rapidly tlian the smaller ones. The texture of two very different soils 
is shown in Table 5. 


Table 5.—Diameteh and Percentage of Vaiuous Soil Particles and the 
Texture of a Clay Loam and a Fine Sand 


Sourcp of soil 

Fine 
gravel, 2 
to 1 
milli¬ 
meter 

Coarse 
sand, 1 to 
0.5 milli¬ 
meter 

Medium 
sand, 0.5 
to 0.25 
milli¬ 
meter 

Fine 

sand,0.25 
to 0.10 
milli¬ 
meter 

Very fine 
sand,0.10 
to 0.05 
iiiilli- 

moter 

Lilt, 0.05 

to 0.005 
milli¬ 
meter 

Clay, less 
than 
0.005 
milli¬ 
meter* 

Upland prairie, Lincoln,| 
Neb.. 

0.0 

1 0.3 

1 

0.5 

1 ; 1.6 

1 

10.8 

48.6 

29.2 

J urest nursery in sand 
hills, Halsey, Neb. 

0.4 1 

4.3 j 

9.3 

57.1 

19.5 

7.6 

1.8 

* The colloidal fraction of tday has diameiers less than 0.002 millimeter. 




The chief component of the first sample is silt, and because of its desirable 
proportions of sand and clay, the soil is designated as a clay loam. It 
has a good capacity for holding water—about 35 per cent of its dry weight 
when undisturbed in the field. The second is fine sand with a relatively 
low power of water retention, only about 15 per cent. 

Many of the properties of a soil, such as content of air and water, 
depend upon the size of the soil particles rather than their composition. 
Soil texture not only exerts an important effect upon the water relations 
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but also upon aeration, ats well as the supply of nutrietits. It profoundly 
affects the rapidity of the processes of decay of organic matter and its 
retention against leaching. The nitrogen content of a soil is closely 
related to its texture. A knowledge of soil texture is important in 
forestry,^®®* gardening, field-crop production, etc., and to an understand¬ 
ing of general plant distribution. 

Soil Structure.—Structure is a term expressing the arrangement of the 
individual grains and aggregates that make up the soil mass. The 
irregularity in size and shape of the rock particles prevents tight packing 
and affords open, irregular spaces through which air and water circulate, 
while their weight and mutual pressure furnish the necessary resistance 
for firm root anchorage. The soil is not a mere physical mixture of its 
component parts. The particles are intimately commingled in crumbs 
or aggregates cemented with the soil colloids. Soils of single-grain 
structure like sand, where the particles function more or less separately, 
are fairly simple. They occur where there are insufficient cementing 
colloids to bind the particles together. Sandy soils tend to be dry, loose, 
and poor in soluble substances. A very complex structure is represented 
in clay where the soil granules or crumbs are composed of many particles 
bound together by colloidal or gluelike material originating from the 
finest clay and humus particles. Because of the excess of fine particles, 
the size of the interspaces or pores is so small that neither water nor air 
can move freely. Such soils readily become waterlogged. In drying 
they shrink and crack badly, often damaging plant roots. During 
drought the water moves very slowly through clay, and plants may not 
receive the necessary supply rapidly enough. A rich loam usually 
furnishes an example of a soil with an excellent structure. Some of the 
particles are large and function as individuals. Those of smaller size 
form a nucleus about which the still smaller particles aggregate into 
granules, a process termed flocculation. This aggregation of the smallest 
soil particles into groups or crumbs which act as individuals makes the 
soil much more porous. The larger interspaces permit the water to 
drain away as they become filled with air, while the smaller ones retain 
moisture. 

The increase of smaller soil particles somewhat retards the move¬ 
ments of both water and air. Hence, loam soils are characterized by a 
higher and more uniform water content throughout than are sands. The 
fine crumbly soil structure known as good tilth is best suited for plants. 
Soil in good tilth must possess a water-stable crumb structure. When 
the crumbs are small enough to permit of good aeration but larger enough 
to bind the soil together an ideal state is reached. Weathering is the 
effective agent in crumb formation, but its action is greatly facilitated by 
proper cultivation. Humus has a very important effect in lightening a 
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heavy soil and binding a loose one, thus promoting a good soil structure 
(Fig. 100). Clay soils are usually improved in structure by the addition 
of lime which flocculates the particles into larger crumbs. 

The structure of a soil largely determines its porosity. This, in turn, 
affects the absorption of water and, therefore, runoff and often the conse¬ 
quent erosion.Structure has a marked effect upon the susceptibility 
of soil to wind and water erosion. During continued drought, soils 
without a cover of plants, even if they contain large amounts of clay, 
may be badly eroded by wind if the grains are grouped into fine crumbs 



Fia. 100.—A field that has been listed and planted with corn. It has a fairly good soil 
structure. The corn grows slowly in the mineral soil at the bottom of the lister rows and 
receives mure water than if surface planted. By repeated cultivation, the furrows arc 
filled and the soil finally ridged up against the rows of corn. 

or granules. Likewise the porosity of the underlying soil often deter¬ 
mines the degree of erosion of bared soil on sloping lands. Where water 
penetrates too slowly, runoff and erosion are accelerated. Thus, soil 
structure affects the movement and storage of water in the soil and 
consequently soil aeration.^®^ Water content and aeration, as well as 
compactness of soil, all profoundly influence root development.**^ 

A good soil structure is maintained in nature by alternate wetting 
and drying, by freezing and thawing, by the action of organic matter and 
lime, and by the mechanical action of plants and burrowing animals. 
Poor structure is produced by the puddling action of rain on bare soil 
surfaces, poor drainage, alkali, etc. 

The importance of roots in maintaining a good structure is often 
overlooked. As a result of the interlacing and clutching of earth particles 
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by myriads of roots, the soil is compressed into granules whose identity, 
stability, and permanence are established by a surrounding colloidal 
^ of Immified root Where the virgm 

hrbken, it is mellow, moist, and rich. But after a few 3^ai» Of cultiyatm^^ 
tiiete occurs a great change in its physical condition. It become niorc 
compact, dries more quickly, bakes more readily, and often foniis lumps 
and clods. But when grass is again grown for a few years, perfect tilth 
and freedom from clods are regained. The soil particles are wedged apart 
in places and crowded together in others. The small soil grains become 
aggregated together into larger ones. Each year many of the old roots 
d\e and are eonstantiy replaced by new ones. The soil is filled with jx)res 
"^^^XQQUlvannels; the humus from decaying vegetation helps cement 

TAe actio// a/bi/r/Y/ir///^ anf/nnh on soil structure is also important. 

ThdirBCtivitioSj JU S^WMiidregions 

at least, are not con&ned to the surface layers. They sometimes pene~ 
trate to a depth of 10 feet. There are frequently thousands of them per 
acre. Burrowing everywhere, dragging down large vegetable fragments 
from above, they help to aerate the soil and keep it light. Rodents, 
ants, and various other animals mix and open up soil and subsoil and thus 
promote root penetration.®®® On the ‘‘hard lands” of the Great Plains, 
rodents have had an important effect upon soil structure, increasing water 
penetration and thus permitting the growth of certain deeply rooted 
species of plants. Insects, insect larvae, nematodes, and liosts of other 
organisms abound; all are instrumental in loosening the soil and thus 
affecting root development and plant growth. 

Huinus and Microorganisms.—Humus comprises the more or less 
decayed organic portion of the soil. It consists of substances undergoing 
decay, of complex compounds resulting from decomposition, of con¬ 
stituents resistant to further decay, and of various substances synthesized 
by plant and animal microorganisms. It has no definite chemical 
composition since it is constantly changing as a result of the various 
processes of hydrolysis, oxidation, reduction, and condensation involved 
in decomposition. It has a high carbon content, usually about 55 per 
cent, and usually about 3 to 6 per cent nitrogen. In many soils, the 
elements carbon and nitrogen occur in the ratio of approximately 10 to 1. 
Humus comprises the total organic matter in soils.It originates 
almost entirely from decay of plants and microorganisms and, with rare 
exception, only a small amount is derived from feces or the remains of 
animals. Humus is dark in color, light in weight, and more or less 
intimately mixed with the other soil components. It does not dissolve 
in water, but combines readily with various inorganic, soil cotistituents. 

It exists in the soil in the colloidal state with water as the medium of 
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dispersion, the water being adsorbed by the humus.**^^ All soils that 
support vegetation contain humus. The amount may be very small in 
newly formed soils, such as wind-blown sand that bears only a spair^ 
plant population, but it increases with the development of the sei^* 

To Determine the Amount of Organic Matter in a Soil by Loss on Ignition.—Select 
samples of soils from several habitats representing different stages of a sere, such as 
grassland, scrub, forest, etc. Samples should be taken to the same depth in duplicate 
and each sample very thoroughly mixed. Place about 5 grams of the dry soil in a 
cnicible of known weight when oven drs'. Heat in an oven at 1]0°C. for 3 hours or 
more, cool in a desiccator, and weigh very accurately. Ignite in a furnace or over a 
large burner at a low red heat until the organic matter is all oxidized. Cool again 
in a desiccator and reweigh. Calculate the percentage of hurnus 1)ased on the dry 
Aveight of the soil. This simple method, although widely used, is open to objection, 
since it sometimes gives results that are too high. 

Based on dry weight, the organic matter of a mine ral soil may consti¬ 
tute from less than 1 to more than 15 per cent of the soil. These low 
percentages are due to the fact that the mineral-soil matrix has a density 
aV)out three times as great as that of th(‘ liumus. Relative to volume, 
the humus may constitute 4 to 12 p('r cent and the mineral-soil compo¬ 
nents only 41 to 62 per cent, the remaining volume being pore spa(^(? which 
is occupied by w^ater and air.’^^ The amount of humus varies with the 
climate. Arid soils contain less, partly because there is less vegetation 
from which it may form, and partly because of its too rapid oxidation. 
For example, fine-textured soils in Washington under 20 inches of rainfall 
liave more than four times as mucli humus as soils of similar texture 
under 8 inches of precipitation.*^^ Similarly, soils of the mixed prairie 
of western Nebraska under 16 inches of rainfall have only about 58 per 
cent as much organic, matter as tnje prairie soils of the same texture 
under 30 inches of precipitation in the eastern part of the state.*^^^ More¬ 
over, in humid regions most of the humus is concentrated in the upper 
portion of the soil, the deeper soil being poorly supplied. In soils of 
semiarid and arid regions the^ organic matter is distributed more or less 
uniformly from near the surface to a considerable depth. In soils that 
are very wet, decay is greatly retarded and plant remains may accumu¬ 
late in such quantities as to constitute 85 per cent or more of the weight 
of the soil. This is the case in peat or muck. 

Although much of the humus has its origin from aboveground plant 
parts, large amounts arc formed from root decay and a smaller amount 
from the remains of soil organisms. The decay of the organic debris is 
brought about almost entirely by the activities of various groups of 
bacteria, fungi, protozoa, and other inhabitants of the soil. 

The microscopic plants and animals of the soil are very diverse in 
food requirements, but they are alike in that all finally depend upon 
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decomposable organic matter. They are the universal scavengers, the 
organic matter regulating and determining the nature of microbial 
populations as well as their activities. They are most numerous in 
the surface 4 inches of rich, well aerated soil, in which the soil flora and 
fauna seem very similar the world over as regards species.During 
severe drought, the microorganisms live in the encysted form. Bacteria 
occur by the millions per gram of soil. They are most numerous in 
spring and fall, but their numbers vary from day to day and even from 
hour to hour.*'® They usually recombine 5 to 10 per cent of the carbon 
of the materials they have decomposed, but the amount varies widely. 
They tKrive best in neutral soils and are mostly replaced by fungi in 
highly acid ones. 

More than 250 species of soil-inhabiting fungi are known. Occurring 
in great abundance, they promote decomposition, often in soils that 
are too acid for bacteria to function effectively. Fungi transform into 
their own tissue 20 to 60 per cent of the carbon of the compounds they 
have decomposed.^®" By assimilating the ammonia and nitrates pro¬ 
duced by decay, they save them from loss by leaching. Adinomycetes 
are a group of organisms, very abundant in soils, (ilosely related to both 
bacteria and fungi. Many algae occur in the surface soils. Protozoa, 
including amoebae, ciliatcs, flagellates, etc., are of world-wide distribution. 
Certain species greatly decrease the bacterial populations by feeding 
upon them, but ultimately their remains are added to the humus of the 
soil. When all of the soil microorganisms are considered (jollectively, the 
amount of protoplasm in the surface 6 inches of a fertile soil is indeed 
great. It has been shown at the Rothamsted Experimental Station 
that amoebae? alone may contribute 120 pounds per acre, flagellates about 
75 pounds, bacteria from 1,500 to 7,500 pounds, and fungi an amount 
approaching that of the bacteria.’®' Thus, significant amounts of micro- 
organic materials are added to the organic matter that these same organ¬ 
isms are so active in decomposing in their search for energy materials. 

The first organic materials to disappear are the sugars, starches, pen¬ 
tosans, pectins, celluloses, and proteins. Their decomposition results in 
the S3mthesis of a proportional amount of microbial protoplasm, 

In fact, the nitrogen and mineral residues, such as phosphates, potassium, 
and calcium, made available by the decomposition of plant remains, may 
again be largely utilized by the microorganisms and released gradually 
upon their death and decay. Only a small part may at once be made 
available to the growing plant. This is fortunate, since otherwise the 
rapidity with which organic matter is decomposed would result in the 
liberation of nutrients which would be either largely lost to the atmos¬ 
phere or leached beyond the root horizon. Other organic materials such 
as lignins, fats, waxes, etc., are decomposed much more slowly by soil 
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organisms.*’^* Thus, humus furnishes a small but continuous supply of 
nutrients for the growing plants.*®* 

In the presence of air, oxygen is slowly but continuously absorbed 
during the process of decay and an almost equal volume of carbon dioxide 
evolved. The organic materials are finally broken down into simpler 
compounds, the end products being carbon dioxide, water, ammonia, 
methane, and inorganic compounds of sulphur and phosphoms. With 
the decay of the tissues, compounds of calcium, potassium, manganese, 
etc., are likewise returned to the soil. The ammonia is immediately 
oxidized to nitrous and then to nitric compounds, which occur in the soil 
as nitrates. The process of decay, however, is not one of immediate 
simplification. Resynthesis of much material into microbial protoplasm 
occurs throughout. Moreover, the various organic acids, etc., originating 
as intermediary products, react upon the minerals with which they are 
in contact, and these may thereby be made soluble and available to the 
})lant. During humus formation, the materials take on the characteristic 
dark color.®^* 

Humus is being constantly formed and is continually being broken 
down. Although essentially a transient soil constituent, in an undis¬ 
turbed soil it is fairly constant both in amount and in composition. 
Various stages in its decomposition are always in progress. It becomes 
an ijnportant source of nutrients for plants, and there is thus a close 
relation between the vegetation and the soil organisms. The latter are 
dependent almost entirely upon growing plants to furnish materials 
ui)on which they live, while vegetation is equally dependent on the 
activities of the soil organisms for removing the residues of previous 
generations of plants and for the continued production in the soil of 
simple materials which are necessary to its growth.The enormous 
importance of this process in the economy of nature is evident, and the 
importance of the role of soil organisms can scarcely be overemphasized. 
Except for the work of the wrecking crews composed of myriads of micro¬ 
scopic organisms, which immediately attack the fallen vegetation and 
reduce it finally to water-soluble and, hence, usable compounds, plant 
residues would be distinctly detrimental to the soil. 

Several factors profoundly influence the rate at which humus is 
formed and accumulates, as well as its chemical composition. These 
include (1) the nature of the plant and animal residues, including those 
of microorganisms, from which it is formed; (2) the nature of the micro¬ 
organisms active in the processes of decomposition; and (3) the tempera¬ 
ture, moisture and nitrogen supply, aeration, and soil reaction under 
which they are decomposed. 

The decay of organic matter takes place most rapidly in warm, moist, 
well aerated soil, ?.e., under conditions most favorable to the development 
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of the organisms canying on these processes. In tropical climates there 
is little or no accumulation, despite the luxuriant vegetation. For each 
decrease of 10°C. in mean annual temperature, an increase of two to 
three times in humus content has been shown to occur.Raw humus is 
an accumulation of litter in cold or dry soils or those with an acid or 
alkaline reaction unfavorable to the growth of organisms causing decay. 
Three distinct layers occur in the raw humus of forests. Litter comprises 
the upper portion of the forest floor, slightly or not at all decomposed. 
The more or less decomposed organic matter just beneath the litter 
constitutes a layer of duff. A still deeper layer, in which the organic 



Fig. 101.—Section of a i>eat deposit several feet in depth. 


matter is so far de(;oini) 0 .sed that its original form is no longer dis¬ 
tinguishable, is termed leaf rnold.^'* Obtain coniferous forests and heaths 
of cool climates have soils of this type where tlie disintegration of the 
humus proceeds very slowly. Conversely, accumulation of litter in the 
deciduous forests of the United States, where it decomposes rapidly and 
adds its fertility to the soil, is small—seldom exceeding 1 incli—compared 
with the northern coniferous forests.®^ Where organisms causing decay 
are excluded because of poor aeration, the plant bodies accumulate as 
peat. The structures of the dead plants or parts of plants forming the 
peat are often preserved (Fig. 101). 

The effect of humus in improving the physical condition of the soil 
is marked. It acts as a w^eak cement to bind sand, lightens or opens 
a clay soil by separating the particles, and thus increases percolation, 
aeration, bacterial activity, and ease of root penetration. Being very 
absorbent, it helps to retain water so that in regions of moderate rainfall 
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vegetation growing in soils rich in humus is less likely to suffer from 
drought. In fact, its physical effects are so marked that when the 
organic matter present in a soil is very high the distinctions between 
sands, loams, and clays are practically obliterated. Soils that have lost 
humus are harder than formerly and in poorer tilth; they crack easily 
and expose great surfaces to evaporation. 

The Soil Solution.—An analysis of water that has drained through 
a soil shows that it contains a great many substances which have been 
dissolved. Certain portions of the soil have gone into solution. The 
soil solution is very dilute, its concentration ranging from 0.05 to 0.2 
per cent in ordinary cultivated soils. The salts are almost entirely 
dissociated into their component ions. The osmotic pressure of the 
solution is about 0.2 to 1 atmosphere, which is much less than the 5 to 
20 atmospheres pressure commonly found in the cell sap of the roots of 
many plants. The clay yields calcium, potassium, iron, and jnagnesiiirn. 
In addition to the mineral salts of plant ash, humus in the process of 
de(;ay produc^es nitrates, sulphates, and phosphates. Other solutes are 
built by bacteria and other soil organisms, and still others are excreted 
l)y roots. All of the nitrate nitrogen, usually 50 to 300 parts per million 
of soil, much of the potassium, commonly 10 to 40 parts per million, but 
only a fraction of the phosphates (P()4), 1 to 2 parts per million, is in the 
solution.Oxygen and carbon dioxide are important dissolved gases. 
The soil solution is obtained for study by direct pressure, centrifugal 
force, or more conveniently by displacing it with other liquids. The 
moist soil must first be well packed into suitable cylinders with per¬ 
forated bottoms and the solution displaced by the addition of water, 
ethyl alcohol, or paraffin oil added from above. 

The soil solution is variable in its composition, partly because of the 
variability of the solvent power of the water, which, in turn, may depend 
upon its carbon dioxide content, and partly because of the nature and 
amount of soil colloids. They retain the solutes, except nitrates and 
chlorides, by adsorption.®^'^ Thus, the solid phase of clay and humus 
hydrogels contains ions in the imbibed water and the liquid or water 
phase also contains ions. The amount thus retained varies with the 
amount of water, partly adsorbed and in surrounding films. The more 
water present the more solutes go into solution. As the water increases, 
however, the concentration of the solution decreases. Root hairs with 
their gelatinous walls are in immediate contact with the soil particles. 
Owing to precipitation, absorption by the roots of plants, evaporation, 
and drainage, the water content is always changing. Vegetation, more¬ 
over, is constantly removing nutrients, and other amounts are lost by 
leaching. Cropping decreases the total concentration, and it is usually 
increased by fallow.”® The activities of microorganisms continuously 
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alter the amount of nitrates, and this, in turn, affects the amount of 
dissolved bases. The soil solution is constantly changing in both com¬ 
position and concentration. It contains the reserve nutrients, and as 
these are absorbed by plants, new supplies (except nitrates and chlorides) 
are liberated from the colloidal soil complexes.^ Plants grown experi¬ 
mentally in culture solutions of low concentration, continuously main¬ 
tained, make almost as good a growth as in those of high concentration 
likewise maintained. Indeed, it is believed they would grow equally well 
if it were practicable continuously to maintain the concentrations of the 
weak solutions. In a study of the soil solution, the possibility must be 
kept in mind that substances may enter into a true solution and be 
absorbed by the plant before diffusing into the mass of the soil solution. 
This may result from the intimate relation between soil colloids and root 
hairs, a higher partial pressure of CO 2 and greater concentration of 
biologically produced acids existing at the surface of the absorbing tissue 
than exists in the soil water generally. 

Although over 30 elements have been found in the ash of plants, 
experiments with plant cultures have shown that only a few of these 
are essential to normal growth. This was determined long ago by 
adding various soluble salts to pure distilled water or water in clean 
quartz sand and observing the effect upon growth and yield. Such 
studies show that for normal growth plants need only the soluble salts of 
nitrogen, sulphur, phosphorus, potassium, calcium, magnesium, iron, and 
sometimes chlorine. It has been found that minute traces of other ele¬ 
ments such as manganese and boron®^ are also essential for certain 
species,®® the necessary amounts apparently having occurred as impurities 
in the chemicals used in the earlier experiments.^®'^ ®®^ *®® 

Nearly all natural soils contain these elements in sufficient amounts 
to promote a good growth of vegetation. Only certain ''sterile'' sands, 
which consist almost wholly of silica, and a few other types of soil are 
really deficient in the necessary nutritive elements. Most unproductive 
sands are, moreover, unfavorable to vegetation, not because they are 
deficient in nutrients, but because they cannot retain a sufficient supply 
of water. Where land is continuously cropped, the addition of nutrients 
and especially nitrates as fertilizers greatly increases yields. The amount, 
however, must be in accord with the water supply. If the plants are 
stimulated to a luxuriant growth when water is abundant, they are 
greatly harmed by subsequent drought. 

In native grasslands, nitrates are used as rapidly as they are formed. 
With rare exceptions, there is never an excess. When the soil is warm 
and moist and the plants are growing rapidly, nitrates are elaborated 
rapidly but not excessively, and the plants thrive. As the soil becomes 
dry and the plants begin to suffer, nitrification diminishes, and thus the 
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plants are automatically saved from excessive nutrients in time of 
drought.^*^ Different species of plants remove the various nutrients in 
different amounts. These differences are due both to the extent and to 
the degree of branching of the roots and to variations in their absorptive 
activity. Under natural conditions, the materials removed from the 
soil by growing vegetation are ultimately returned in plant remains or 
animal excretions. Those washed down into the deeper soil are often 
brought to the surface again through absorption by deeply penetrating 
roots. Certain soil constituents such as nitrogen compounds and calcium 
carbonate are easily leached out and large amounts lost annually in 
drainage water, but those of potassium and phosphorus are almost 
entirely retained in place by adsorption by the soil colloids. Thus, 
soils of arid and semiarid regions, occupied largely by grassland or desert 
vegetation, are potentially richer than well-leached soils in more humid 
regions. 


DEVELOPMENT OF SOILS* 

Soils undergo a process of development somewhat analogous to that of 
vegetation. Both are a product of their environment.^^* The con¬ 
trolling factors in the development of soil are climate and vegetation. 
Geologic materials including mantle-rock and bedrock are necessary, 
but are passive rather than active elements in soil formation. From 
them, the soils develop through (^onst^uctional processes that involve 
the growth of vegetation, the accumulation and decomposition of organic 
substances, the formation of new chemical compounds, the progressive 
breaking down of the parent materials, the translocation of materials 
in the soil, and the formation of a more or less layered profile. Topog¬ 
raphy is important in so far as it affects the degree and kind of develop¬ 
ment through its influence on drainage and penetration and consequently 
on the water supply, salt content, amount of erosion, character and 
density of the vegetation, and other local conditions. 

The development of soil and the production of vegetation are so 
intimately related that it is scarcely possible to study the one without 
some knowledge of the other. Functionally, the most important thing 
about a soil is its productivity for plants. Those characteristics which 
make a soil productive are themselves due to the operation of biological 
forces, particularly native vegetation. Perhaps the greatest influence 
of climate on soils is exerted indirectly through its partial determination 
of the kind of native vegetation under which the soil evolves. 

* Papers by Charles E. Kellogg, principal Soil Scientist, Division of Soil Survey, 
Bureau of Chemistry and Soils, have been especially helpful in the preparation of this 
section. 
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The features assumed by the soil in its development from infancy 
through youth, maturity, and old age vary with the environment. 
Thus, all mature soils developed on undulating or gently sloping surfaces 
and for a long time undisturbed by injurious erosion, by deposit, or by the 
activities of man, owe their major characteristics not so much to the kind 
of rock from which they originated as to the nature of the climate in 
which they have developed.®^® Hence, all stable, mature soils of a given 
climatic region belong to a climatic soil type. They tend to show a 
similar sequence of horizontal layers, irrespective of the underJjdng rock, 
the latter causing only minor differences. These layers occur in a definite 
sequence and differ from one another in one or more easily discernible 
features, such as color, lime content, texture, structure, and compaction. 
A vertical cut through these various horizons is termed a soil profile. 
The nature of the several layers has a profound effect upon the water, 
air, and nutrient relations of the soil and consequently upon root extent 
and distribution and nature of the plant cover. The parallel develop¬ 
ment of soil and vegetation and the role of each in modifying the other 
are of great interest and importance (Fig. 102). 

The constructional processes of soil development are due largely to the 
incorporation of plant parts among the mineral particles. This may 
occur following the accumulation of the parent materials or along with 
it. Vegetation introduces both directly and indirectly the biological 
factor into soil formation.Upon the fall of leaves and sterns th(^ 
organic matter of the plant, which has resulted from synthetic activity, 
is incorporated into the soil. These residues suj)ply food for visible and 
microscopic soil organisms; these soil organisms decompose the ydant 
remains, which ultimately become incorporated into the soil as liumus. 

The two most important kinds of vegetation thus active in soil 
formation are forests and grasslands. Differences of great significanr^e 
occur among coniferous and deciduous trerjs and grasses as regards their 
rooting habits, the relative proportions and actual amounts of various 
elements they absorb, and the amounts they deposit in or on the soil 
surface with the fall of the leaves or the dimth of the tops. Organic 
remains under a forest of conifers have a much lower content of bases, 
such as calcium, than those under a deciduous forest. The ash (basic 
material) of a species varies within rather narrow limits, regardless of 
the nature of the soil on wdiich it grows, but generally plants poor in 
bases and consequently producing an acid humus occur naturally only 
on acid soils. Usually the best growth of deciduous trees is made in 
areas having a good supply of bases in the soil or underlying parent 
materials. Under such conditions, the leaves are relatively high in 
bases, especially calcium. Grasses absorb, in general, large amounts of 
calcium and likewise return large amounts of this element to the surface 
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soil. Moreover, most grasses are only moderately deeply rooted and 
many species of arid climates are shallowly rooted. Where the bulk of 
absorption occurs in the surface layers, there is a tendency to reduce the 



Ftg. 102.—Onion Meerllinfss of the name aRe. The one on the right was grown in eompart 
soil, the left in loose soil. Both drawings are made to the same scale. 

amount of leaching through the upper part of the soil. The converse 
is true with deeply rooted vegetation. 

Soil Profile.—Most soils consist of particles of various sizes, chemical 
constitution, and degree of solubility. During long periods of time, 
(;alcium carbonate and other soluble materials are leachc^d from the sur¬ 
face soils and carried down to lower layers or to ground water and conse- 
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quently out of the soil. The finer, insoluble soil particles (colloidal clay, 
etc.) are also mechanically carried downward (under those types of soil 
formation in which they become dispersed) to variable depths which 
depend largely upon the amount of rainfall and the rapidity with which 
the water is absorbed and transpired by the vegetation. Thus, the 
surface layers of a mature soil are poorer in soluble salts as a result o^ 
leaching and are coarser grained because of eluviation or washing down 
of the colloidal clay. These layers constitute A, the zone of extraction. 
The soil immediately below this zone and into which the soluble salts 
and the finest soil particles have been carried is designated as i?, the 
zone of conce7itration. Obviously, at greater depths there is a third zone 
Cj where neither extraction nor accumulation has occurred. 

The A and B zones or horizons constitute the solum (L. soil) produced 
by soil-building processes. The C horizon is the weathered parent 
material or unconsolidated rock from which (usually) the soil has devel¬ 
oped. Each soil zone or horizon has a distinct color, texture, and 
structure. The soil is a natural body in dynamic equilibrium with its 
environment. The following example from an upland prairi(» soil in 
eastern Nebraska illustrates characteristics considered in describing soil 
profiles: 

As a result of the processes of development, the mellow, surface 16 
to 18 inch(^s of soil has a granular structure. This layer has lost much of 
its colloidal clay. The forces of weathering, especially repeated freezing 
and thawing and alternate wetting and drying, together with the greater 
humus content and the favorable eflFects of root activities, have all 
combined to produce this excellent granular structure. It is distinctly 
different from that below (about 1.5 to 3 feet in dei)th), which has a 
higher clay content and which clearly shows a prismatic structure. Here, 
due to alternate wetting and drying, the tenacious clay, from which 
much of the lime has been leached, has formed irregular prisms, the 
surfaces of which are much more weathered, darker in color, and richer 
in nutrients, than the interior. 

In the granular layer, roots penetrate easily and spread widely, 
thoroughly ramifying throughout the soil. This layer has the greatest 
supply of roots, certain dominant grasses and a few other species scarcely 
penetrating more deeply. Penetration is much more difficult and branch¬ 
ing is less pronounced in the prismatic layer. Here the rootlets are found 
almost entirely appressed to the surfaces of the columns, where water 
penetrates most readily, air is most abundant, and nutrients apparently 
are more concentrated. Relatively few penetrate the interior of the 
prisms. When they enter the massive layer below, they assume a more 
normal branching habit and are much more easily excavated, since clay is 
less abundant and the lime occurs in such amounts as to give the soil a 
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mellow structure. Since there is less cla}^ the soil expands and //ortracts 
less upon wetting and drying. 

To Examine Soil Profiles. —Remove the exposed surfiioe of weathered soil from a 
steep bank along a railway or road by meaii.s of spade or pick. Examint the several 
horizons of which the soil profile is composed. How deeply do the roots penetrate? 
Where are they most numerous? What is the depth of greatest compaction? Note 
and explain the changes in color from surface to subsoil. How do the different 
horizons vary in consistence? Place a small amount of soil on a watch glass and 
moisten with distilled water. Add a few drf>p.s of weak hydrochloric acid. Note 
the degree of effervescence. A very faint efferv'escence can be heard more easily 
than seen. If there is none, the soil is neutral or acid. Test each of the several 



Fia. 103.—Soil profile on low, flat, forested silt loam soil. The prismatic form is 
typical of the B horizon of mature soils of southern Illinois developed under poor drainage. 
{After Norton and Smith.) 

liorizons and determine at what depth lime accumulation occurs. Compare this soil 
profile with one in lowland (Fig. 103). 

Zonal Soil Groups.—Soils that are young, i.e., recently derived from 
rock or built up by deposit due to wind or water, as well as badly eroded 
soils, do not show a profile similar to that of mature soils upon which 
climate and vegetation have acted and reacted for long periods of time. 
The character of the climate eventually alters the nature of the soil from 
nearly all kinds of rock to such an extent that the mature soil type is 
similar in its main features throughout a given climatic region. 

The soils of the Great Plains, for example, consist of three great belts 
extending quite across the United States from Canada southward to 
Mexico.“^ These correspond, in general, to differences in degree of 
grassland climate and in the type of vegetative cover. All of the soils 
(from near the Rocky Mountains eastward to about the one hundredth 
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meridian), when mature, are dark in color and underlaid by a zone of 
lime-carbonate accumulation, beyond which water usually does not 
penetrate. They differ, however, in degree of darkness of soil color and 
depth of the carbonate layer. Where precipitation is least, the soil is 
brown and the carbonates have accumulated at depths of only 12 to 18 
inches. This delimits the area in which water and nutrients are absorbed 
by the native grasses. The effect of vegetation upon the profile is 
shown by its removal. Where land is broken, water penetrates quite 
beyond tlie carbonate layer. Had there been no vegetation to absorb 
the water, the layer of carbonate accumulati«)n would probably never 
have developed.**^^ 

Where precipitation increases eastward, the carbonate layer is 
deeper, vegetation is more abundant and taller, and the soil is of a dark 
brown color. Still farther eastw’ard the carbonate accumulations usually 
reach depths of 5 to 6 feet. The soil is black in color and continues dark 
to a greater depth (8 to 24 inches) than in any other part of this climatic 
region. The vegetation is of the deeply rooted, mostly mixed-prairie 
tyiHi. 

Another zonal soil type is represented under a heavier rainfall east- 
w'ard (prairie soils) where the soils are nearly black or dark brown in color 
and are leached of rock carbonates, which do not accumulate at a lower 
level. In this zonal type the soil is moist to a d(>pth of many feet, in 
fact, often to the underlying water table. Roots of native plants pene¬ 
trate very deeply (6 to 20 feet or more) and true prairie prevails. 

Depending upon the nature of the climatic environment, thc^re are 
three general j)rocesses of zonal soil development—calcification, ix>dzoli- 
zation, and laterization.^^^ 

Calcification .—The calcification process of soil development is most 
typically maintained under grasses or grasslike vegetation and climates 
with r€?stricted precipitation. There may be considerabh* leaching, but 
not enough to remover the eralcium and magnersium carbonates. Con¬ 
sequently these accumulate in the lower part of the solum. The plants 
absorb and transport bases from the lower soil liorizons to the surfa(*e in 
relatively large amounts. The soil does not become acid, or if so only 
slightly acid, and the colloids, both organic and inorganic, in the presence 
of abundant calcium are not eluviated. The micropopulation is pre¬ 
dominantly bacterial; the decomposed organic materials are relatively 
insoluble and remain in the upper part of the soil. There is little or no 
movement of clay or other colloidal material from the A to the B horizon. 
The kinds of grasses and their abundance determine largely the depth 
of color, content of organic matter, and thickness of the soil itself. 

The calcification process is dominant in the genesis of several of the 
important zonal groups of soils including Prairie, Chernozem, Chestnut 
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(or Dark Brown), Brown, Gray, and Desert soils (Fig. 104). The dark¬ 
ness of the soils is an expression of the density of the grass cover under 
which they developed. This in turn is the result of precipitation, the 
higher rainfall supporting the densest cover of vegetation, the lower 
the most sparse. 

Prairie Soils .—These are grassland soils but were developed under a 
relatively high precipitation. They include the most humid upland 
grassland areas. They have been leached to the extent that they do not 
have a horizon of calcium carbonate as do all of the Pedocals (Gr. pedoriy 
soil; chaliXy lime) or calcium soils. Otherwise they are more closely related 
to them than to the other major soil group (JPedalfcrs), which also lack a 



Fi«. 104.—Soil map of the Unitod States. (U. S. DejHirtmvTU of Agriculture.) 


“lime” layer. Prairie soils are very dark brown in color, rich in organic 
matter, especially in the upper portion, and are well supplied with the 
nutrients necessary for a luxuriant growth of grasses and forbs. The 
surface soils over most of the area arc slightly acid. Their high fertility 
and the favorable climate make them among the most productive in the 
world for grain and grasses. 

Chernozem Soils .—These "are found in the most humid part of the 
drier regions having soils with a calcium carbonate horizon. This group 
of soils is one of the most important in the world. The black soils of the 
Russian and Siberian steppes, the plains of both North and South 
America, and extensive areas in India and Australia belong to this group. 
They develop under a continental climate usually with a small excess of 
evaporation over precipitation. The luxuriant growth of grasses has 
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produced black soils, very high in content of organic matter and very 
fertile for cultivated cereals, especially wheat, as well as alfalfa, sorghums, 
etc. Calcium and magnesium are brought to the surface by the grasses. 
After their death and decay the elements are united with carbonic acid 
to form their respective carbonates, which are never leached beyond the 
depths of the roots of the grasses, x.e., the general depth of water penetra¬ 
tion. During the rainy season, the percolating water is highly charged 
with carbon dioxide liberated from the decomposing organic matter. 



Fig. 10.5.—Three soil jirofilos. The Podzol (lefl) has a thick covering of forest duflf. 
underlaid abruptly by a whitish Ai horizon. A Cheniozern is shown on the right and a 
Prairie soil in the middle. The scale in feet is approximately the same for all. (Phoio- 
grapha, courtesy of C. E. Kellogg and (center) Nebraska Conservation and Survey Division.) 

This converts the calcium carbonate into the soluble and unstable 
bicarbonate, which is leached downward. Upon drying of the soil, it is 
deposited as calcium carbonate. This remains undissolved by any 
capillary water moving upward, since this water is not so highly charged 
with carbon dioxide. Thus the only upward movement is through the 
plants. 

The deep distribution of humus through the profile is due in part to 
the action of earthworms, insects, etc., and the extensive burrowing of 
rodents. In addition, a large part, of the humus is derived from the roots 
of the plants which de(*.ay where they grew throughout the soil profile. 
Thus, the luxuriant prairie grasses have exerted a powerful soil-building 






soil IN RELATION TO PLANT DEVELOPMENT 196 

influence. Chernozems are somewhat less productive than Prairie 
soils, not because of lack of innate fertility, but owing to reduced precipi¬ 
tation (Fig. 105). 

Other Pedocals .—With decreasing precipitation westward the vegeta¬ 
tion becomes sparser, the soils become lighter in color, and the solum 
thinner. In progressively drier climates occur the Chestnut or Dark 
Brown soils and Brown soils of mixed prairie and its short-grass disclimax, 
the Gray soils of semideserts, and finally the Desert soils^^ The vegeta¬ 
tion of the Chestnut soils while not luxuriant is still well developed, 
especially the underground part.. An abundance of roots, etc., grow and 
decay in the surface layer especially. The deeper layer, with less humus, 
is lighter brown and contains the calcium accumulations. The lime zone 
decreases in depth with decreased precipitation and the influence of 
vegetation on soil development l:>ecomes less and less. 

The fertile Chestnut soils and the best Brown soils are used for wheat 
production, despite the hazardous climate. Grazing predominates over 
the more rolling Brown soils, as well as the Gray and Desert soils. Since 
the nutrients have not been leached, even the shallow Gray soils above the 
lime layer, though low in organic matter, are fertile. 

Podzolization.—The process of podzolization is typically active in the 
formation of the Podzol soils of the northern, humid, cold temperate 
regions on heath lands and especially under (‘oniferous forest. The 
conditions necessary for Podzol formation are a humid climate where 
precipitation exceeds evaporation, an acid soil, and an acid-hmnus 
producing flora. Podzols are also often well developed under hardwood 
and mixed hardwood and coniferous forest. There is sufficmnt moisture 
to remove the soluble salts completely from the soil. Trees, especially 
coniferous trees, absorb much less of the bases than does grassland vegeta¬ 
tion. Conifers hav(? a lower content of bases in their leaves and twigs, 
which are shed slowly, than do the broad leaves of deciduous trees, and 
there is relatively little shrubby or herbaceous undergi-owth in coniferous 
forests. Not enough bases are returned to the surface soil to prevent it 
from becoming acid. Consequently the colloids become partly to almost 
wholly saturated with hydrogen. Thus, the occurrence of Podzol is 
intimately connected with the A^egetation of a region.^®®’* In pronounced 
Podzol soils, the soil type has been determined very largely by the plant 
cover. In fact, vegetation is the cause and podzolization is the effect. 

Podzols .—The acidic Podzol soils are A^cry unfavorable to insect life, 
earthworms, and bacteria. Ix)av temperatures and poor aeration are 
contributing factors, and the tannins from coniferous trees are thought 
to have a toxic action, especially to bacteria. Bacteria are almost entirely 
replaced by the more acid-enduring fungi. These may grow in such 
abundance that their mycelia may be seen interwoven among the layers 
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of raw humus. Such soils are low in organic matter. Decomposition 
of organic matter by fungi leads to the production of organic acids 
and relatively soluble substances, and to the reduction and solubility 
of iron. Both the soluble organic matter and the hydrogen-saturated 
organic colloids favor the mobility of the inorganic materials, especially 
iron-, aluminum-, and hydrogen-saturated clay colloids. In normal soil, 
under conditions of good drainage, the soluble iron moves downward, 
becomes oxidized, and accumulates in the B horizon. A large proiK)rtion 
of the colloids, both organic and inorganic, likewise become precipitated 
in this horizon.Thus, the surface soil becomes impoverished of 
fine colloids and organic matter and of nutrients most essential for the 
growth of crops. As the reduced iron moves downward in true solution, 
it passes out of the influence of the soluble organic matter and is oxidized 
and precipitated in the lower horizons.'*’® Hence, a concentration of iron, 
and frequently of aluminum, the solubility of which rises rapidly with 
increasing acidity, occurs in the B horizon (hence, Ped-Al-Fe-rs). Such a 
soil is acid throughout. These leached soils are not fertile from the 
standpoint of cultivated crops (Fig. 187) but, when cleared of the native 
forest, are responsive to intensive management and can support a 
successful agriculture of the subsistence type with emphasis on 
dairying. 

The essential feature of a Podzol profile is its division into three main 
horizons, usually including several minor ones, more or less sharply 
differentiated from one another. A layer of organic matter (Ao), con¬ 
sisting of leaves of trees and other forest debris, covers the surface to a 
depth var 3 ring from 1 to 12 or more inches. The material is brown in 
color, acid in reaction, and only partly decayed. This raw humus layer 
may be sharply divided from the mineral soil below, but usually, in the 
United States, the upper portion of the mineral horizon contains more or 
less partly decomposed organic matter. The upper part of the mineral 
soil (Ai horizon) is very thin and dark gray in color. The top varies 
from “salt-and-pepper'' gray to nearly black, depending upon the 
amount of incorporated organic matter. The lower part (A 2 horizon) 
ranges in thickness from a mere film to a foot or more and is light gray 
in color. It has a friable or almost loose platy structure and has been 
thoroughly leached or eluviated.^ Thus, the surface of the Podzol 
has been impoverished of bases, colloids, and nitrogen;®®® almost nothing 
but silica remains in this leached horizon (Fig. 105). 

The B horizon has a more compact consistence. It is reddish, brown, 
or nearly black in color. The thickness varies from a mere film to several- 
inches. The color becomes lighter with depth, shading off gradually 
into that of the underlying parent material. This horizon has been 
enriched by the addition of eluviated organic matter, compounds of iron 
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and aluminum, etc. The enrichment at One place may not include all 
of these substances. In sandy Podzols the B horizon is cemented into 
a hardpan (ortstein) whereas in clayey Podzols the soil has an angular, 
small nutlike structure. The soil is acid in reaction. 

The regional distribution of the coniferous forest in northern New 
England and in parts of Pennsylvania, New York, and the Lake States is 
approximately coincident with the distribution of the strongly leached or 
Podzol profile.®®* In parts of the New England states, for example, a 
surface layer of raw humus, often 4 to 5 inches deep, is underlaid with a 
few inches of a leached grayish soil, below which the thin, reddish-brown 
soil soon gives way to the parent rock. The absorbing roots of coniferous 
trees are often largely confined to the surface layer of raw humus.®*^ A 
pronoun(;ed beneficial effect upon such a soil profile may be brought 
about by converting the coniferous forest into stands of hardwoods. 

In fact, as a result of a change in the type of decomposition of organic 
matter, consequent of change in the nature of the vegetation, aeration, 
and reaction of the substratum, one soil may actually change into 
another.2*^ A distinctly podzolized profile has altered in 20 years to a 
typical Gray-brown earth.®®* 

Gray-brown Podzolic Soils .—These soils have developed under a 
deciduous forest, ricdi in undergrowth, with a moist temperate climate. 
In general, they have developed under a podzolization process but one 
less intense than that giving rise to the Podzol. The surface horizons 
contain more nutrient elements and more organic matter. Deciduous 
trees return bases to the surface of the soil more rapidly than do conifers. 
It has been estimated that a beechwood receives an annual dressing of 
5 to 7 grams of calcium per square meter but a pine forest only 2 grains.^®* 
Most deciduous trees maintain a steady flow of bases from tlie soil layers 
into which their roots penetrate, to the surface, and it is a common silvi¬ 
cultural practice to include a proportion of them in a coniferous forest to 
reduce or prevent soil deterioration. The favorable influence of birch 
in the acid Podzols of the northern coniferous forests is pronounced. 

Differences have been determined in the amount of lime, acidity, 
and nitrogem in the several stages of virgin forest su(;cession on sandy soil 
in Minnesota. The litter, duff, and leaf mold of the An horizon in the 
maple-basswood climax each contained about five times the .percentage 
of lime and one and one-half to two times as much nitrogen as was found 
in the jack pine and Norway pine stages. More than a ton of lime per 
acre vras found in the forest floor of the maple-basswood climax. The 
medial stage of white pine, interspersed with some hardwoods, exceeded 
the values obtained in the Norway pine forest. The acidity decreased 
from pH 4.5 in the duff of jack pine to 4.8 in white pine, and was 6.3 in 
the maple-basswood.^*'^®’®® 



in FLANT ECOLOGY 

The undisturbed profile of the Gray-brown Podzolic soils does not 
include a thick layer of raw humus. The accumulation of organic matter 
on the surface is rarely more than 1 or 2 inches in thickness. Although 
it is better decomposed than is the raw humus overlying well developed 
Podzols, yet it is not usually thoroughly decomposed into black, granular 
colloidal material. The Ai horizon is a thin layer impregnated with 
organic matter. It is thicker than the corresponding horizon of Podzols 
and usually less acid in reaction. The A 2 horizon is darker in color than 
that of Podzols, being gra 3 rish brown or pale yellow. Neither is it usually 
so thoroughly eluviated. Like the B horizon it is strongly acid. Com¬ 
pounds of iron and aluminum but no organic materials have leached into 
the B horizon.®®® 

Virgin Gray-brown soils are more fertile for agricultural crops than 
are those of the Podzol group, but less fertile than the Chernozems. Hie 
addition of lime and fertilizers greatly increases their medium natural 
fertility. The favorable climate under which deciduous forest develops 
permits the production of a wide variety of crops. 

Red and Yellow Soils .—These soils of the southeastern United States 
have formed under the influence of both podzolization and latcrization 
(i.c., the leaching of silica).The latter is more strictly a geological 
process than one of soil building. It seems to be the normal result of 
rock weathering under a hot climate with abundant rainfall. The color 
is an expression, in part, of high temperatures. Rate of humus decay, 
being a biochemical reaction, increases steadily with increase in tempera¬ 
ture. Increased humidity reduces evaporation and results in greater 
percolation of water and hence greater leaching of bases and higher 
acidity. 

The Yellow soils occupy the sandy regions of the Coastal Plains from 
North Carolina to eastern Texas. They occur predominantly on level 
lands where ground water occurs at a depth of a few feet, usually immedi¬ 
ately beneath the solum, or has stood at that position until very recent 
geological time. Today they support a subclimax coniferous forest. 
The Bjod soils occupy the southeastern part of the United States north of 
the Yellow soils. They occur in regions of good drainage where the water 
table lies many feet below the surface and are forested mostly by decidu¬ 
ous trees. 

The preceding groups of zonal soils develop under conditions of normal 
aeration and drainage. They derive their water entirely from precipita¬ 
tion. Hence their properties reflect closely both the climate and the 
vegetation. The close connection between soil and type of vegetation 
is clearly shown in the approximate correspondence of the important 
zonal groups of soils in the United States (and elsewhere) with the main 
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types of vegetation. This is further indicated in the much used terms 
such as Chernozem steppe, Black Prairie soil, Brown Forest soil, etc. 

Intrazonal Soils.—Saline soil (Solomhak), alkali soil (Solonetz)^ and 
degraded alkali soils (Soloth) are local, intrazonal soil groups and are not 
zonal soil types. They occur in regions that are receiving, or have 
received at some time, an excess of salts. They are areas of periodic 
excessive moistening and drying. Bog soils (organic soils) are those 
where peaty materials have accumulated under the influence of excessive 
moistening and deficient aeration. Various other types occur. 

Tundra Soils.—Soils of the arctic w^gion are closely associated with 
bog soils because of the poor drainage. They are also connected with 
a climate sufliiciently cold to prevent the slight summer thaw from extend¬ 
ing deeply. They comprise the zonal group occurring in regions north 
of the Podzol. The vegetation of sedges, lichens, mosses, etc., tends to 
form a surface layer of very slightly decomposed peat. Biological and 
chemical action is reduced to a minimum, even weathering consisting 
almost entirely of rock fragmentation. Considerable mixing of the 
mineral soil and peaty surface layer results from the expansion and con¬ 
traction of the water-laden soil in consequence of alternate freezing and 
thawing. As the surface materials freeze, pressure exerted on the 
viscous mass beneath forces it upward through the cracks. The charac¬ 
teristic blue-gray layer of slightly weathered clays, silts, and sands 
bene^atli the peat is indicative of poor aeration. 

WATER CONTENT 

Water content exerts a profound influence upon the form and structure 
of a plant (Figs. 106 and 107). Likewise, the most important differences 
between habitats are usually due, directly or indirectly, to differences of 
water content. Water is important to the plant in many ways. It is a 
component of protoplasm and, with carbon dioxide, is tissential in build¬ 
ing plant foods. It usually constitutes 70 to* 90 per cent of the weight 
of herbaceous plants. All substances that enter plant cells must do so 
in solution. Water is the great solvent. It serves as a medium of trans¬ 
port of nutrients and foods from place to place, since their traiLsport can 
take place, for the most part, only in solution. It keeps the cells turgid 
or stretched, a condition essential for their normal functipping. It 
also serves to prevent excessive heating of the plant, acting as a buffer 
in absorbing the heat generated by the multitudinous chemical reactions 
taking place in the plant. A large quantity of heat energy is utilized 
when liquid water is changed into the vapor form during transpiration. 
Shortage of water early in the life of the plant results in retarded growth, 
while later in its development it may induce premature ripening and seed 



200 


PLANT ECOLOGY 


of low viability. The greatest dangers which the plant has to meet are 
insuflScient absorption and excessive transpiration. 

, Kinds of Soil Water.—After a heavy rain or irrigation, much of the 
water drains or sinks away. This is called gravitational water. But large 



Fia. 106.—Sunflowers of the same age grown in fertile soil but rc(!eiving different 
amounts of water. That on the right was given just enough from a graduate each day to 
keep it alive, the next received twice this amount, the third four times, and the largest 
eight times as much. 



Fig. 107.—Root systems of sunflowers shown in Fig. 106. 


amounts are retained in the minute spaces between the fine soil particles 
as thin films surrounding the particles and thicker ones where the particles 
touch each other, and a part is absorbed by the soil colloids. The down¬ 
ward pull of the “capillary” or film forces, augmented by the pull of 
gravity, reduces these films to a minimum thickness. The soil moisture 









SOIL IN RELATION TO PLANT DEVELOPMENT 


201 


is in such a state or condition that its movement as a liquid in any direc¬ 
tion is so limited as to be practically negligible.®^^ Not all of this water 
is available to the plant. Even air-dry soil contains appreciable amounts, 
as may be shown by heating dust in a closed container, when drops of 
water will be deposited on the lid. The relatively small amount of 
moisture absorbed by dry soil from the atmosphere is termed the hygro¬ 
scopic water. It is held so tenaciously by the soil colloids that it is 
unavailable to plants. 

The hygroscopic coefficient is a term used to designate the amount of 
water the soil can take up from an approximately saturated atmosphere 
at a constant temperature when exposed in a layer about 1 millimeter 
irr thickness. This value has been used over a long period of years 
as an approximate measure of the nonavailable water held by soils. A 
soil which contains no more water than the hygroscopic coefficient is 
regarded as incapable of 3 delding water to plants. Since it is unavailable 
for plant growth, it may be subtracted from the actual water content of 
the soil to obtain the available water content. 

The total amount of water that is held against the downward pull of 
capillarity and the force of gravity and does not drain through the soil 
is termed th(^ water-retaining capacity or field capacity. It is expressed 
in percentage of the dry weight of the soil. It includes the hygroscopic 
water as well as the much larger quantity that the soil holds besides, 
commonly called capillary water. The amount varies considerably in 
different soils; a coarse sand under field conditions may retain only 12 per 
cent of its dry weight of w^ater, but a silt loam 35 per cent. The smaller 
the particles of a soil the more film surface it will present for the retention 
of water. Likewdst*, the greater the proportion of colloidal constituents, 
clay and humus, the more water there will be held. The high absorptive 
power of soil colloids for water is due to the extremely large surface 
exposed by matter in the colloidal state. 

Water-retaining Power. —The water-retaining power of the soil is 
determined by a number of factors. Most important among these are 
soil texture or size of particles, soil structure, i.c., the arrangement and 
compactness of the particles, and the amount of expansible organic 
matter and colloidal clay. Since water is held as thin films upon the 
surface of the soil particles, and runs together forming drops and masses 
only in saturated soil, the amount necessarily increases with an increase 
in the w^ater-holding surface. The latter increases as the particles become 
finer and more numerous and thus produce a greater aggregate surface. 
Dry sands absorb and retain about 0.5 inch of rainfall or irrigation water 
per foot of soil depth. About 2 to 2.5 inches of water are required to 
wet a relatively dry clay loam to field capacity to a depth of 1 foot. 
When the field capacity is attained, any additional w^ater serves to 
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increajse the depth of penetration, but not the amount held at any given 
depth. 

To Determine the Field Capacity of a Soil. —Secure two or more cylindrical 
liter graduates or similar glass containers. Fill with dry soil, packing it tightly. 
Add slowly only enough water to moisten about two-thirds of the soil to the field 
capacity. Keep the soil at a constant temperature for two days. If the soil column 
is wet to the bottom, repeat the experiment, using less water. If there is dry soil at 
the bottom of the container, discard the upper and lower 3 inches of moist soil and 
detennine the water content of the remainder. 

Organic matter affects water content directly by retaining water in 
large amounts on the extensive surfaces of its colloidal constituents and 
holding it like a sponge in its less decayed portions. It also has an indi¬ 
rect effect through soil structure. Sand particles are loosely cemented 
together by it; hence, percolation is decreased, and water-retaining 
capacity increased. Minute clay particles are enclosed in aggregates by 
the colloidal film of humus. This results in increased percolation and 
a decrease of the aggregate soil surface for retaining water by capillarity. 

The Movement of Water.—^The movement of water through a soil, 
except downward percolation when the soil is wet beyond field capacity, 
is extremely slow. Even in soils in contact with a water table, the 
upward movement by capillarity is not great. The distance to which 
water rises under these conditions is 35 centimeters in coarse sand, 
70 centimeters in fine sand, and 80 centimeters in a heavy loam.^®® 
Lateral capillary movement of water is also confined to small distances. 
On level land, soil under cover remains dry even if surrounded by soil 
almost completely saturated.^'"*’^ Fine soil particles and colloidal matter 
greatly impede water movement in soils. When the surface foot of a 
loam soil is wetted to field capacity and no more rain falls, little or none 
of this water will penetrate deeper despite the downward pull of gravity 
and capillarity. Similarly when irrigation water is applied to a dry 
soil and equilibrium of soil moisture is reached, there is a fairly sharp 
transition from moist to dry soil. Moreover, if the soil is of uniform 
composition all of the moist soil shows approximately the same degree of 
wetness.®®^ In heavy soils, however, adjustments take place slowly and 
for several days or even weeks water contents higher than the field 
carrying capacity may persist. Thus, for water contents below the field 
capacity, capillary movement of water is negligible. 

Cases are on record in dry climates where a moist layer of soil due to 
excessive seasonal precipitation has remained moist for many years with 
layers of dry soil both above and below. In desert soils movement of 
water at low percentages is almost nil.*" Russian investigators have 
shown that where water has percolated below 12 to 18 inches depth in 
clay, it never comes to the surface again except through absorption by 
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roots. Even during seasons of extreme drought uncropped soils lose 
but little moisture from their lower depth except as it may diffuse upward 
or downward as water vapor resulting from high soil temperatures. The 
surface few inches may dry out, the depth varying with the type of soil, 
but capillary rise is impossible and continued loss of water from the sur¬ 
face cannot occur. This is in agreement with numerous experiments on 
mulching under a wide range of conditions which showed no appreciable 
conservation of watcr.**^ Thus, a mulched soil may contain no more mois¬ 
ture than an unmulched one kept free from all vegetation. High temper¬ 
ature and low humidity are the chief factors in promoting water loss by 
evaporation from surface soil. It is increased by wind, especially when 
humidities are low. 

Available and Nonavailable Water. —If a rooted plant is allowed 

to wilt and die, an examination of the soil shows that some water still 
remains. The amount depends upon the kind of soil. It is small in 
coarse-grained sand, sometimes less than 1 per cent. In silt loam or 
clay, it may amount to 20 per cent or more. But all soils are alike in 
retaining some portion of the water content. This is due to the fact 
that the attraction for water of the colloidal soil particles increases as 
the films grow thinner, until, finally, they do not furnish water to the 
plant rapidly enough to keep it from wilting and subsequent death. 
p]xperiments indicate that the absorbing povrer of the plant, in terms of 
osmotic pressure, may be greater than the force with which the films of 
water are held about the soil particles. Unless the soil is quite moist 
and the w^ater films relatively thick, capillary movement is very slow, 
and when the root hairs exhaust the water from the particles with which 
they are in contact, the plant wilts. This water relation is illustrated 
by the fact that seeds placed in a dry soil may swell slightly but not 
enough to germinate. But if they are moved about in the same soil or 
new soil particles continually brouglit in contact with them, germination 
takes placjc.**^^ 

The water retained in the soil at the time of permanent wilting is 
nonavailable for growth or the echard (to withhold). It is usually 
but a small part of the w^ater commonly present, particularly in moist or 
saturated soil. Of the total water content or holard (whole amount), 
the larger portion can be absorbed by the plant and is consequently 
termed available water. The response of the plant is determined by the 
available water and not by the total amount present. Obviously, the 
available water or chresard (amount for use) differs for different soils. 
For example, a sandy soil may have a field moisture capacity of 12 per 
cent of which only 1 per cent is nonavailable. A clay loam with a field 
moisture capacity of 35 per cent may have 10 per cent nonavailable 
water. 
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The echaxd is not determined entirely by the type of soil, since 
some plants can absorb more water from a given soil than others, depend¬ 
ing upon the nature and distribution of the root system. In spite of 
extensive experiments with a wide range of soils and plants, this phe¬ 
nomenon needs further study. Certain investigators have concluded 
that species differ only slightly in a given soil as regards the water content 
when permanent wilting occurs. The water left in the soil at this time 
has been termed the wilting coefficient. Taking 100 to represent the 
average wilting coefficient of the numerous species tested, an extreme 
range from 92 to 106 was found.®^ Among most of the plants, differences 
were even less and the conclusion was reached that they were so slight as 
to be without practical significance in the selection of crops for growth 
in semiarid regions. 

The root hairs of any plant are in contact with only a portion of the 
soil particles and when the soil becomes dried below field moisture capac*- 
ity, movement of water practically ceases.®^® The rate at which plant 
roots can develop in the soil and reach new supplies is extremely impor¬ 
tant. The water no longer comes to the roots; the roots must grow to 
the water. Hence, plants with extensively branched root systems, 
abundantly furnished with root hairs, and thus coming in contact with 
the largest possible soil surface, with conducting systems that rapidly 
transport the water, and with aerial parts inori)hologically and physio¬ 
logically adapted to conserve water, would reduce the water content of 
the soil mass to a minimum before w^ilting. A high osmotic pressure 
would increase the pull on the water residues held by the soil colloids. 
Plants adapted to dry soils have much higher osmotic pressures than 
those of humid regions. 

It would seem that plants with relatively scanty root development arid 
tops poorly adapted for water conservation would leave a greater water 
residue at the time of wilting. Sorghum, for example, is much better 
adapted to semiarid regions than is com. A study of the cause of this 
difference revealed the fact that both species possessed, at any period of 
growth, the same number of main fibrous roots and that the general 
extent of the roots in both a horizontal and a vertical direction was the 
same, i.e., 3 to 4 feet on all sides of mature plants, and 6 feet deep. The*! 
length of the secondary roots was also found to be approximately 
the same. But both primary and secondary roots of the sorghums 
were more fibrous than those of corn and the secondary roots were 
twice as numerous. This root system, moreover, which, judging from 
the number of secondary roots, would be twice as efficient in the absorp¬ 
tion of water, supplied a leaf area which was approximately only 
half as great as that of com. Although sorghums also have other 
characteristics enabling them to endure drought, the thorough manner 
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in which their roots ramify through the soil is of fundamental 
importance.®*^^ 

The exact i^ciriimiieiit wilting point is difficult to determine in many 
plants, and permanent wilting should not be confused with temporary 
wilting from which the plant recovers. A plant is permanently wilted 
only when it will not regain turgidity when exposed to a saturated 
atmosphere. It is most easily determined with large-leaved herbaceous 
species which readily show wilting. With rigid-leaved plants, as yucca, 
or leafless on(‘s with succulent stems, like cacti, special methods {e.g., 
balancing the plant) are necc'.ssary to determine the point when tran¬ 
spiration exceeds absorption. Several investigations point to the con¬ 
clusion that the water content at the time of permanent wilting is not 
a constant but changes with the environmental conditions under which 
the plant is grown. 

Determining Nonavailable Water. —^In order to determine the amount 
of water nonavailable for a plant in its own habitat, it is necessary to 
produce wilting by cutting off the water supply. This may be done by 
digging up a plant and transferring it to a container of large size. The 
soil must be protected both from the loss of water by evaporation and 
from the intake of moisture resulting from rain. Since the roots of most 
plants are very deep or spread widely, they are almost sure to be injured 
!)y such a procedure. It is much simpler to start the plant from seed or 
vegetatively under controlled conditions. 

The soil mass should be very uniform throughout and not stratified 
or otherwise irregular in texture. It should be brought to a uniform 
water content before placing it in the container, otherwise it is very 
difficult to moisten it uniformly. Small volumes of soil might remain 
quite dry and thus introduce an error into the final moisture deter¬ 
mination. The surface or sides of the soil mass should not be allowed to 
lose water except through root absorption, since they may become 
drier than the nonavailable point before the wat(jr in the central mass 
has been greatly reduced. Sudden fluctuations in temperature should 
also be avoided, otherwise water may distill from the soil and condense 
on the inner walls of the container as a result of differences in temperature. 
Tims, water may be made available for absorx)tion which the roots 
otherwise might not be able to secure.®^ 

To Determine the Amount of Water Nonavailable for Growth.—Mix thoroughly 
a quantity of screened potting soil, adding enough water from a sprinkler to bring it 
to an optimum water content. In the same way, prepare another lot consisting of 
one-third potting soil and two-thirds sand.' Cover each lot and let it stand for 24 
hoiirs. Fill 4, glazed, gallon jars, 2 with each kind of soil, compacting the soil 
rather firmly. Plant seeds of corn, sunflower, or wheat, soaked for 4 hours, about 
an inch deep, and then cover the soil with'^an inch of dry sand to retard surface evapora¬ 
tion. Place the jars in much larger ones or in a large box and fill the interspaces with 
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moist peat moss so as to maintain soil temperatures which fluctuate slowly and are as 
nearly uniform as possible. After a few weeks, when the plants have wilted so that 
they will not recover even when placed for 12 hours in a saturated atmosphere under a 
bell jar, remove the sand mulch and the surface inch of soil. Mix the remaining soil, 
which is thoroughly permeated by roots, and determine the water content of duplicate 
samples from each jar. If two kinds of plants are grown in one container, the relative 
time of wilting of each may be determined. 

In field practice it has been found that the hygroscopic coefficient of 
the soil gives a fairly close approximation of the amount of water left in 
the soil at the time of wilting.Since the root systems of plants in 
nature often occupy many cubic feet of soil and extend to great depths, 
the advantage of an indirect approximation of the nonavailable water at 
the different soil levels is obvious. Representative samples of soils are 
easily secured, air-dried, and the amount of water they will absorb from 
an approximately saturated atmosphere when exposed in thin layers at a 
constant temperature determined. This is the hygroscopic coefficient. 
It may be determined indirectly, where a moisture equivalent centrifugr 
is available^ by dividing the moisture equivalent by 2.71. Moisture' 
equivalent is the amount of water held by a soil after the wet soil has 
been subjected to a centrifugal force 1,000 times gravity for 30 minutes. 

The willing coefficient is considered by many investigators to be the 
approximate point at which water becomes nonavailable for growth. 
It is defined as the percentage of moisture remaining in the soil when a 
plant first undergoes permanent wilting. It is a higher percentage than 
the hygroscopic coefficient and may be derived by dividing the hygro¬ 
scopic coefficient by 0.68. The wilting coefficient is also derived by 
dividing the moisture equivalent by 1.84, but this ratio does not seem to 
hold for all soils. 

Determining Available Water. —Water content is one of the most 
important habitat factors, and an intimate knowledge of water relations 
is fundamental to the understanding of plant behavior and distribution 
ol vegetation. In obtaining samples of soil for finding water content, 
a spade or trowel may be employed to secure shallow samples, but this 
method has the disadvantage of seriously disturbing the vegetation. In 
sampling, representative cores of soil should be obtained from the 
several depths to which the roots penetrate and in which they are absorb¬ 
ing. This is often to a depth of several feet, at least in dry climates. 
Sweet clover grown continuously for 2 years at Manhattan, Kansas, 
reduced the subsoil moisture to a depth of 13 feet.®** Alfalfa in eastern 
Nebraska drew upon the subsoil moisture supply to a depth of 33 feet 
in a 6-year-old meadow and 25 feet in a 2-year-old field."® It depletes 
the subsoil of moisture, which may be only slowly restored during a long 
period of years."® Conversely, many deeply rooted prairie plants, such 
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as Rosa arkansana, Amorpha canescenSf and Ldatris punctata, may live 
unharmed for many months when the first 3 to 4 feet df the root system 
are not permitted to come in contact with moist soil.®** In stony and 
gravelly soil, sampling for water content is difficult but elsewhere it is 
easily accomplished with practically no disturbance of the plant cover 
by use of a soil tube or geotonae (earth cutter). This has a sharp cutting 
edge on one end, contracted to a slightly smaller diameter than the bore 
of the tube, and a reinforcement on the other end, to allow forcing it 
into the soil (Fig. 108). It removes the sample without compacting the 
soil. 

The practice is to remove the vegetation from a square inch and sink 
tli(^ geotome to a depth of 4 to 6 inches. The soil is then emptied, by 



Fia. 108. -Soil tube and soil augers. These arc made in various lengths. With the 
IuLk; shown here, samples may be secured to a depth of 4 feet; with appropriate extensions 
to hold the soil tube, samples may be taken to the greatest depth of root penetration, 
20 feet or more. 

inverting the geotome, into a seamless metal can with a closely fitting 
friction or screw-cap lid. A second sample is taken at a distance of a foot 
from the first, and a third, if necessary, to secure enough soil nearly to 
fill the container, w^hich should hold at least 200 grams of moist soil. Using 
the same holes, samples of the second 6- or 8-inch soil layer are secured. 
The cans are numbered in large figures on both side and lid. If the first 
can is inverted after filling and the others placed in a row in sequence of 
depth, there is no possibility of confusion. Samples below the first foot 
are secured in foot sections. Only one of the holes need be used, since 
the soil core is sufficiently large for a sample. Samples are always taken 
in duplicate, the second lot at a distance of a few feet from the first. 
This tends to equalize differences in soil texture, etc., and affords a read¬ 
ing even if one sample in the series is accidentally spilled. When the 
sampling is completed, a record should be made of the containers in the 
manner indicated in Table 6, and water-content determinations mad(« in 
the laboratory. 
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Table 6.—Water Content of Soils at Various Defihs 


Station and date 


Depth of sample 

Can 

number 

Wet 

weight, 

grams 

Dry 

weight, 

grams 

Can 

weight, 

grams 

Per 

cent 

water 

Average 
per cent 
water 

0 to 6 inches. 

1 

36 

208.2 

185.4 

53.5 

17.21 

17.4 

0 to 6 inches. 

42 

205.8 

182.6 

50.8 

17.6J 

6 to 12 inches. 

21 

192.5 

165.1 

51.1 

24.01 

24.1 

6 to 12 inches. 

13 

209.1 

178.1 

50.2 

24 . 2 / 

1 to 2 feet. 

4 

229.5 

193.1 

51.6 

25.71 

25.4 

1 to 2 feet. 

11 

228.7 

192.8 

50.0 

25.1/ 




The soil cans should be weighed to thc^ nean^st tc'nth-gram soon after 
the sample is taken, although, if necessary, they may be kept for several 
days without appreciable error. After determining the wet weight 
(including soil, can, and water), the lids are removed and placed with the 
cans in an oven kept at a temperature of 110®C. The dry weight (soil 
and can) is next determined, after one or several days, when the soil ceases 
to lose weight. Mu(;h more time is required to drive off the water from 
clays than from light-textured soils. Finally, the weight of the can and 
lid is determined. Sinc(5 their weight remains fairly constant, this need 
be done only about twice each season. Water content is expressed in 
percentage of the dry weight of the soil. Thus, in making the calculation, 
the can weight is subtracted from the dry weight (dry soil and can) and 
the difiference between the wet and dry weights (loss of water) divided by 
this number. From the percentages thus obtaiiKid, the nonavailable 
water, previously detc’nnined, should be subtracted. 

Time and Place of Sampling .—Since the water content at depths 
greater than 2 feet usually changes rather slowly, it is not necessary to 
secure samples so frequently here as from the surface soil. In field prac¬ 
tice it is usual to determine water content in the surface layers weekly, 
and during periods of stress at even more frequent intervals. The total 
amount of vegetation which can exist on a given area is often deter¬ 
mined by the amount of moisture available at critical times. Differen(;(is 
in water content are invariably indicated by differences in the kind and 
development of vegetation. A series of stations on the crest, mid-slope, 
and base of a steep hill will show this correlation. The exact location of 
each station should be noted so that future readings may be made in the 
same place. Samples should not be taken, of course, in too close proxim¬ 
ity to holes left in former samplings. 

Various stages in the development of a sere should be studied in 
relation to their water content, and, if possible, v^eekly comparison made 
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between the water content of such ycgctational units woodland, 
grassland, marsh, etc. Even small differences in slope, exposure, or 
topography frequently cause marked differences in w'^ater content. A 
slight depression, such as that worn by wheels in an old road, where water 
runs in, may have 5 to 10 per cent more moisture than the adjacent 
ridge from which runoff occurs. Minute differences in the structure of 
vegetation may often be explained by a determination of w ater content. 


June July August 



Fic;. 109.—Available water content in prairie at Lincoln, Neb., during 1922; broken 
line at 0 to 0 inches depth; light solid line at 0 to 12 inches; and heavy solid line, where 
fliictiiHtion is least, at 12 to 24 inches. 


To Determine Water Content.—Select representative stations in two or more 
habitats and determine the water content each week. Show the results by means 
of graphs. The stations should also be used for the determination of other habitat 
factors. Also, determine the water content in different plac-es in the same kind of 
vegetation, e.g., forest, grassland, etc., and try to accoiint for variations in kind and 
density of dominants. In a similar manner, study zones about ponds, etc. Give the 
reasons for the differences f)etween the various stations. To wMt extent and in 
what ways are these reflected by the plants? 

Interpretation of Data .—It cannot be too strongly emphasized that 
the measuring of the factors of the habitat is of little value unless the 
data thus secured are studied in relation to plant activities. The water 
available to the plant at the several depths at different times may readily 
be compared if the data are plotted in the form of a graph as showui in 
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Fig. 109. Graphs and charts arc also useful in comparing the water 
relations of diflPerent communities (Fig. 110). 

FACTORS MODIFYING WATER CONTENT 

Water content of soil is directly or indirectly dependent upon precipi¬ 
tation. The indirect topographic factors, moreover, such as slope, 
surface, etc., largely determine the amount of runoff and thus greatly 
influence water content. Likewise, temperature and evaporation have a 
marked effect upon the rate of water loss from the soil surface. Each of 



Fig. 110.—Available water content of upland prairie eoil at Lincoln, Neb., at the several 
depths to 6 feet, during the great drought of 1934, until June, 1935. No samples were 
taken during winter but general soil moisture relations are indicated. 

these factors will be considered in so far as it affects the water content of 
the soil. 

Precipitation.—In all habitats except those where the supply of 
water is constant owing to the presence of springs, streams, ponds, or 
other bodies of water, the dependence of water content upon precipitation 
is absolute. Cover, kind and structure of soil, and slope determine how 
much of the weter finds its way into the ground, but their action is 
secondary. Daily rains are able to keep practically any soil moist, 
regardless of its character or the slope. 
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Precipitation occurs in various forms, such a 3 rain, hail, dew, frost, 
and snow. Of all these, rain is by far the most important. Except 
locally, hail is top infrequent to be taken into account. Frosts 
have, at best, only a slight and fleeting effect upon water content, 
especially in view of the fact that they usually occur outside the grow¬ 
ing season. 

Snowfall is often of great importance.**® It not only acts as a cover to 
prevent evaporation but upon thawing it also enters the soil directly 
just as rain does. The rapid development of spring vegetation in climates 
where snow accumulation is great is largely determined by the water 
supply from the melting snow. Because of drifting, due to wind, pro¬ 
tected hillsides, ravines, etc., are often better watered than exposed sites. 
The loss by runoff from slopes is much greater, owing to the frozen condi¬ 
tion of the soil. 

Dew is almost always too small in amount and too fleeting in tem¬ 
perate climates to add directly to the water content of the soil. By its 
own evaporation it increases humidity and thus decreases slightly the 
amount of water lost by evaporation from the soil and by bedewed plants. 
In certain tropical desert regions, such as those of North Africa, dew is of 
considerable importance. During the late winter and early spring, it 
provides most of the surface water upon w^hich the ephemeral annuals live, 
rainfall being extremely light. It is deposited in large amounts owing 
to the gn^ater moisture of the air at this time of year and the strong radi¬ 
ation of heat at night which (ools the surface of the desert. In studying 
the water content of most habitats, however, a knowledge of rainfall 
will suffice. 

Measurement of Rainfall .—Rainfall is measured by means of a rain 
gage, an instrument which collects in a narrow vessel the rain falling upon 
a large surface.^®"* In the standard gage, the ratio of surface between 
receiver and tube is 10:1. A direct measure of the water in the tube must 
be divided by 10 to give the rainfall, or a standard measuring rod, upon 
which this compensation is already made, may be used. The purpose of 
tlie smaller, inner tube is to increase the depth of the water and permit of 
more accurate reading. Readings may be made to 0.01 inch. After a 
heavy rainfall, when the water from the inner tube has overflowed into the 
outer one, first the inner tube is read, emptied, and then the water from the 
outer one poured into it and the amount recorded.*^® Where rain gages 
are not available, it is fairly satisfactory to use the reports of rainfall 
obtained from a neighboring weather station when the latter is not more 
than a few^ miles distant, except in mountainous regions or others with 
very irregular topography. But even in level countries, marked differ¬ 
ences in rainfall, caused by local showers, may occur. The effect of 
rainfall upon water (Jontent is best ascertained by taking soil samples in 
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different habitats immediately after a rain and then determining the 
increase in water content. 

Relation between Precipitation and Water Content .—Only a very gen¬ 
eral relation exists between the total amount of precipitation and the 
water content of soil. Many factors intervene to decrease the effective¬ 
ness of the rainfall in increasing water content about the roots of plants. 
Much of the water may be intercepted by the crowns of plants and 
evaporate again without reaching the soil surface. The rains may fall in 
such light showers as to have little influence upon wetting the soil. 
Conversely, it may be of such a torrential nature that only part of it can 
be absorbed and the rest is lost as runoff. Where temperatures are high 
and humidity is low, much water is lost directly from the soil by evapora¬ 
tion and the efficiency of the rainfall thereby greatly decreased. These 
losses are modified by slope, surface, and the cover of vegetation. 

To Determine the Depth of Water Penetration.—After u heavy rain following 
a dry period, examine the soil in a plowed field, hard hare area, grassland, woodland, 
etc., and detennine the depth of water penetration. What is the relation between 
this and the plant cover? 

Rainfall Interception .—It is a matter of common observation that 
even isolated plants, especially trees and shrubs, intercept much rain. 
The soil surface below the plants may remain dry during light showers, 
while that not protected is rather thoroughly wet. Extended experi¬ 
ments have shown that much water is held as thin films on the upp(‘r 
surfaces of the leaves or as drops or blotclies or retairn^d in capillary 
depressions such as those adjacent to veins. Large (juantities also 
accumulate on the surfaces and in the crevices of the bark of trunk and 
branches from which it evaporates.The amount of water thus 
retained is reduced by the wind, but the rate of evaporation is increased. 

The U. S. Forest Ser\i(^e has recorded rainfall at stations inside and 
outside of stands of timV)er in several forest types. In Maine, a good 
pulpwood stand of spruce and fir, including some paper birch, intercepted 
26 per cent of the rainfall, and another forest of pure spruce and fir 37 per 
cent. An interception of 24 per cent was recorded under wliite pine and 
hemlock in Massachusetts, and 21 [Xir cent under a virgin forest of white 
pine and hemlock in Idaho. In a 25-year-old pine forest, it was ascer¬ 
tained that 1 to 5 per cent of the precipitation reached the ground by 
running down the trunks of the trees.®*® 

Rain gages placed in bur oak and linden forests in eastern Nebraska 
received 16 and 28 per cent less water, respectively, from a total pretdpi- 
tation of 14 inches during 3 summer months than a similar gage just out¬ 
side the forest.*'® The mean interception loss under 11 different species 
of trees in New York was about 40 per cent of the total rainfall. The 
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amount of water lost to the soil in this manner varied from 70 to 100 per 
cent in light showers and was about 25 per cent in heavy, long-con¬ 
tinued rains. In these experiments, the water running down the trunks 
of the trees was caught and measured, and this was not included in the 
amount intercepted. Needle-leaved trees intercept more water than 
broad-leaved ones. In winter, interception by deciduous trees is 50 per 
cent of that of summer. Interception losses from fully grown crops of 
rye, red clover, etc., are only slightly less than those due to trees, but, 
of course, this effect is only of short duration. Thus, it seems that 
wherever vegetation covers the earth, it intercepts a part of the precipita¬ 
tion and diminishes the water supply.®^ Exceptions occur in certain 
cases, especially where the moisture is precipitated as a fine mist. In 
South Africa, for example, a condensation gain of 80 to more than 1,000 
per cent has been experimentally determined where large amounts of 
moisture are deposited ufion the exposed crowns of forest trees and 
scrub.The forests may be dripping wet, while the ground immediately 
beyond their margins is comparatively dry.®®^ Interception of snow by 
the crowns of trees has also been determined. In a virgin stand of 
ponderosa pine with an understory of young trees, 27 per cent of the 
winter\s snow had been intercepted up to the time of maximum storage.®^® 
Other inv(}stigators have reported smaller interception in other forest 
types. More study is needed in this important and interesting field. 

To Measure Rainfall Interception.—Secure two or more of the small type of rain 
Rages (diameter 3 inches) or substitute straight-walled vessels of equal cross-sectional 
area such as J'^-gallou glazed jars. Place them under various types of vegetation such 
as forest, scrub, etc., or under isolated trees and bushes, maintaining a control in the 
open. After each rain or shower, measure the amount of water in each by pouring 
it into a graduate. Calculate the percentage intercepted. 

Manner and Time of Precipitation .—The influence that a rain exerts 
in replenishing the soil water is not in proportion to its amount. Light 
rains falling on a warm, dry soil are totally converted into vapor within 
a few hours and have no effect upon the water content.®^®® Heavy rains 
are often of such short duration that runoff is very great and a relatively 
small amount of water enters the soil. Rainfall in deserts consists largely 
of these two types, and they are also very common in semiarid regions. 
Where a shower furnishes only 0.15 inch of rainfall, it is of no value in 
increasing water content.®®® Not infrequently, a monthly precipitation 
of 2 or 3 inches is distributed in so many light showers that it has little 
or no effect upon water content. 

The seasonal distribution of rainfall also has a marked effect upon 
water content and, hence, upon the type of vegetation the latter will 
support. This is especially true in climates where there is a winter 
resting period. The great prairie and steppe regions of the temperate 
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iEones, for example, have their rainfall chiefly in early summer. Thus, 
the surface soil is kept moist and the grasses growing during their vegeta¬ 
tive season. This is illustrated in varying degrees in the North American 
grasslands. Where rainfall is fairly abundant and occurs throughout 
the growing season, a mixture of both early- and late-blooming grasses, 
etc., is found. Where it is scanty and intermittent, the dominant 
grasses require only a few weeks to flower and seed. Over the greater 
portion of the Great Plains, the average annual precipitation is enough 
to insure the production of crops, but the uncertainty of the distribution 
of the rainfall makes crop production hazardous. Precipitation during 
the growing season when temperatures are high is very beneficial in 
causing the soil organic matter to decay and thus make more nutrients 
available. 

The amount of water lost in runoff depends primarily upon the man¬ 
ner of precipitation but also, in a large measure, upon the kind of cover, 
soil, and slope. Runoff is usually greatest where sudden heavy showers 
or rainstorms lasting for only a short time fall upon bare slopes or sparse 
or low-growing vegetation. The dry soil surface, poorly protected by a 
cover of plants, will not rapidly absorb water and especially if the soil 
is low in humus content and of fine, compact texture. Even on relatively 
level soils, such, for example, as those of the Great Plains, the water 
lost by surface runoff varies from 15 per cent in light showers to more than 
50 per cent in torrential ones.**®® That runoff is great is shown by the 
large number of dry, sand-choked creeks and swales throughout the 
region. A continuous shower with gentle rainfall of long duration and 
with the necessarily high accompanying humidity would be many times 
as efficient. Where the soil is sandy, runoff is greatly reduced. 

Runoff is small in forests. The force of the rain is broken by the 
trees, the undergrowth, and the forest litter, so that the water does not 
beat upon the soil. Some of the precipitation reaches the earth by 
running down the twigs and branches. The mat of duff and leaf mold, 
which in thrifty, unburiied forest is often a few inches thick, absorbs 
several times its own weight of water like a huge sponge and when filled 
slowly passes it on to the mellow, mineral soil beneath. From here it 
seeps out gradually to springs and streams. Such streams furnish the 
best water supply for the most valuable irrigated lands. Even when the 
rain is so heavy that the soil is unable to absorb all of the water at once, 
the excess flows off with no erosion. Streams coming from virgin forests 
are seldom muddy and are subject to comparatively small variations in 
flow. 2*® 

Slope and Surface. —In addition to the amount and distribution of 
rainfall, the type of soil and plant cover, the steepness of slope, and the 
nature of the surface influence water content. The principal effect of 



SOIL IN RELATION TO PLANT DEVELOPMENT 215 

slope is in controlling runoff and drsdnage and through them water con¬ 
tent. Slope, also, has a less direct influence through its action upon heat 
and wind, both of which affect humidity, and this, in turn, the rapidity 
with which water is evaporated from the surface of the soil. The angle 
of the slope, moreover, largely determines the amount and type of soil 
accumulated. It is only on nearly level ground or gentle slopes that 
considerable depths of soil accumulate and undergo the characteristic 
development of mature soil. In general, rainfall lost by runoff increases 
with the angle of the slope, and the water absorbed correspondingly 
decreases. In two or more areas essentially similar in soil, cover, and 
rainfall, differences in water content are directly determined by differences 
in slope, although large water losses may occur on areas with very little 
slope. 

The soil surface often shows irregularities which retard runoff and 
cause more or less of the rainfall to soak into the soil. The influence of 
these, though often not great, is always appreciable and, in many cases, of 
considerable importance. In dry regions, the increase or decrease in 
water content is clearly reflected in the development of the vegetation. 
The effects are usually measurable by means of soil samples, but it is 
impossible to express the character of the surface in definite terms. 

SOIL AIR 

Air and water fill the pore spaces of a soil. Soil has a very porous 
structure. The pore spac^e increases with fineness of texture, degree of 
granulation, and abundance of organic matter. Thus, the total pore 
space of a sandy soil may be only 30 per cent of its volume, that of a 
loamy clay 45 i)er cent, but a heavy clay may have 50 per cent. Pore 
space is increased by the addition of organic matter; in grassland soils 
it is frequently as much as 60 per cent. Thus, only about one-half of the 
volume of the soil is solid matter (Fig. 111). Under cultivation, soils lose 
much of their organic matter and there is a considerable decrease in 
porosity. This is true also for cleared and cultivated forest land. Like¬ 
wise, the trampling of grazing animals in forest and grassland pastures 
results in compacting the surface few inches of soil and reducing the pore 
space 10 to 20 per cent or inore. "*' Many plants thrive best in a soil that 
contains approximately 40 to 50 per cent of its maximum water-retaining 
capacity. The rest of the interspace, about 20 per cent of the volume of 
a soil in good tilth, is filled with air. Dry soils contain much more air^ 
Frequently, cultivated soils, during periods of drought, are too loose and 
dry for proper root development, and the plant is thus deprived of 
nutrients which the soil contains. Conversely, waterlogged soils have no 
air except that dissolved in the water, but certain plants grow well even 
under this condition. Soil in good tilth is filled with air spaces which are 
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more or less continuous from the surface to the subsoil. Cracks, bur¬ 
rows, and spaces left by decayed roots, as well as the removal of water by 
absorption promote gaseous exchange among the different soil horizons. 
Thus the air can enter or leave a soil both by direct streaming and by 
diffusion. 

Streaming of air into or out of the soil may be due to changes in tem¬ 
perature or variations in atmospheric pressure, causing expansion and 



Fia. 111.—DiaKram showing pcrrcntagu of solid matter (nroashatch) and total pore 
space in first 7 feet of a clay-loam soil covered with big bluestem. Portion of pore space 
occupied by water (single hatch) is based upon average water content during 1932. 
CJnhatched areas represent air.*^*‘* 

contraction of the soil air. Wind may force air into or suck it out of the 
soil; soil air is also displaced by the entrance of rain water. These agents 
combined account for only a small change in the soil atmosphere, which 
really occurs rather rapidly. P^xteiisive experiments have shown that 
carbon dioxide is being formed within the soil at an approximate average 
rate of 7 liters per square meter per day.’^^*^®** If the soil air is to maintain 
its usual average composition, this would necessitate its complete removal 
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every hour to a depth of 8 inches. Diffusion, which depends mainly on 
the cross-sectional area of the total pore space, is a constantly acting mech¬ 
anism and is conceded to be the chief factor in soil air renewal.^’ 

Composition of the Soil Atmosphere. —Because of its proximity to 
roots and microorganisms, both of which constantly give off carbon 
dioxide and absorb oxygen, soil air is somewhat different in composition 
from the ordinary atmosphere. In cultivated land, soil air contains 
slightly less oxygen, 20.3 per cent by volume, than the usual 21 per cent 
of the atmosphere. The amount of carbon dioxide is increased from the 
usual 0.03 to 0.15-0.65 per cent.^®^ Under grassland or forest soil, air 
often contains much more carbon dioxide, 0.2 to 5 per cent or even more, 
and proportionately less oxygen, the amount increasing with depth, accu¬ 
mulation of organic matter, abundance of roots, etc. Eleven to 15 per 
cent has been determined in certain forest soils in summer. Below the 
dried mulch, soil air is always saturated with water vapor. The soil air 
is not static but, like the soil itself, constantly undergoing change. 

Soil air is either in direct contact with roots and microorganisms or 
separated from them by only a thin film of water or colloidal matter. 
Within these films, the oxygen supply is very limited and the carbon 
dioxide content very high, as much as 99 per cent having been found.’®® 
Oxygen is important in the process of breaking down insoluble 
minerals into a soluble form and the consequent enriching of the soil 
solution. This gas is no less important in the transforming of plant 
and animal remains into a condition where their nutrient materials 
become soluble and may be absorbed by plants. Biochemical oxidation 
proceeds rapidly, when conditions are favorable, and much oxygen is 
incorporated in the compounds produced. 

Relation to Biological Activities and Production of Toxins. —Oxygen 
is also necessary for the germination of seeds, root growth, root-hair 
development, and absorption by roots. Without it, nitrification would 
stop, and earthworms and most other soil organisms would cease their 
activities. A few microorganisms could get their oxygen supply anaero¬ 
bically by breaking down valuable compounds, such as nitrates, and 
would thus decrease the soil productivity. 

Even roots can carry on respiration for a time without free oxygen, 
t.e., anaerobically. Since the anaerobic respiration pf plant roots, 
bacteria, molds, etc., gives rise to organic acids, alcohol, and other toxic 
substances, aeration is fundamentally connected with the production of 
soil toxins.^®’ 

There is little evidence of the presence of soluble toxins in normally 
aerated soils which are well supplied with nutrients and calcium carbon¬ 
ate.’®^ These sometimes occur, however, in poorly aerated, sour soils 
deficient in calcium carbonate and in exhausted cultivated soil. They 
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may consist of soluble aluminum, compounds of iron and manganese, 
and hydrogen ions as well as various organic substances. They may 
arise in the process of the decay of roots, from the decay of other 
organic matter worked into the soil, or as a result of acidity.®^*® 

SOIL TEMPERATURE 

The activities of plants are profoundly affected by temperature. Soil 
temperature is very important, since it affects the biological, the chemical, 
and the physical processes in soils. It influences the rate of absorption of 
water and solutes, the germination of seeds, and the rate of growth of 
WEDNESDAY. THURSDAY FRIDAY. 



Fig. 112.—Portion of a soil thermograph record from the prairie at Lincoln, Neb., 
during the middle of June; curve with greatest amplitude indicates the temperature at a 
depth of 3 inches, the other one at 12 inches. 

At what time of the day in the soil B.t 3 inches depth warmest? Coldest? Why is the soil warmest 
about midnight at 12 inches depth? The air temperature ranged from 45** to SOT. In a forest, the 
temperature at 3 inches depth is no more variable than that at 12 inches in the prairie. Why? 

roots and all underground (and, liencc, aerial) plant parts as well as the 
activities of microorganisms. It is a great accederator of all chemical 
reactions and affects many physical processes taking place in the soil.'^-'^ 
The soil receives its heat directly from the sun’s rays, probably from 
warm rains, and from decaying organic matter. In summer, the surface 
layers are warmer, in winter the deeper ones. The temperatures of all 
layers in which roots exist have a primary significance. The daily range 
in temperature of the surface soil may be very great. Sometimes it 
reaches maximum temperatures of 120 to 150®F.^2^ Such temperatures 
may cause de.structive lesions on the stems of plants, e.g., flax, coniferous 
and other tree seedlings frequently, the plants droop and die.®“ 
Surface-soil temperatures above 130®F. often prove fatal to seedlings,®®® 
and soil temperature is thought to be one of the important factors con¬ 
trolling the distribution of forest types.^ ®^® Lichens on the thin soils 
of dark-colored rock can endure even higher temperatures. 

When the surface soil becomes warmer than the deeper layers, a 
heat wave is propagated downwards. It travels slowly, and at a depth 
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of a few inches below the soil surface, temperatures are not so high or 
fluctuations so pronounced. In moist soil, the daily fluctuation is often 
only a few degrees at a depth of 1 foot and at 2 to 3 feet, depending upon 
cover, the daily fluctuations are imperceptible^*® (Fjg. 112). Both 
maximum and minimum soil temperatures lag behind air temperatures 
except in the surface layer. At 3 inches depth in bare, nearly level, 
brown loam, this amounted to 2 hours, at 6 inches to 4 hours, at 1 foot 
to 8 hours, at 2 feet to 70 hours, and at 3 feet in depth to 80 hours.**’ 
Below about 3 feet, temperature changes are due to the average tem¬ 
peratures which constitute the seasonal wave of temperatures. The 
annual range in temperature decreases, moreover, with depth. In 
eastern Kansas, under a grass cover, where the annual variation of the 
air temperature was 92®F., it was 48°F. at a depth of 1 foot, 38°F. at 
3 feet, and 28°F. at 6 feet in depth. During March there was a complete 
reversal in soil temperatures, the surface layers which were coldest during 
winter became warmest and the deeper ones progressively colder. In 
October the reverse condition occurred.**^ In general, the soil responds 
slowly to external air temperatures; roots have a much more uniform 
environment than shoots. The temperature of soils in the tropics may 
remain practically constant to great depths. 

Factors Affecting Soil Temperature.—Among the fat^tors that directly 
affect soil temperature are color, texture, structure, water content, 
amount of humus, and the slope of the soil surface with resi)ect to the 
sun, as well as the presence or absence of a cover of vegetation. Of all 
these factors, water content ivs the most important for the reason that 
water has a specific heat about five times greater than that of the solid 
constituents of the soil.*®* This explains why wet soils are colder in 
spring than drier ones and why a heavy rain in summer lowers the tem¬ 
perature of the soil. Clay and peat soils are colder than sandy or loam 
soils, largely because of their greater water content. A dark-colored soil 
absorbs more heat and so warms more rapidly than one of lighter color 
which reflects the rays. This phenomenon is shown by the melting of 
snow under leaves or bits of wood and their consequent sinking below the 
general surface. In fact, the melting of snow may be greatly accelerated 
by sprinkling it with charcoal, a common practice in vineyards and 
orchards on mountain sides in southern Europe. Black paper mulches 
may raise the soil temperature 12 to 15°F. above that of bare soil by day 
and 4 to 5°F. by night.*** 

Soil Temperature.—The following four experiments should be performed on the 
same day, employing seven flats and eight accurate thermometers. 

ESect of Slope upon Soil Temperature. —Fill three flats at least 4 inches deep with 
thoroughly mixed, black soil of good water content. Firm the soil compactly into 
the flats so that each has a level surface. Place the flats out of doors in an unshaded 
spot the day preceding the experiment so that the soil may take on the outside 
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temperatures. Tilt one flat toward the south at an angle of 20 degrees, and the second 
toward the north at a similar angle, but place the third in a level position. On the 
morning of a clear, warm day, place one thermometer bulb in the center of each flat 
at a depth of % inch. Cover the stem with the case and read every hour during the 
day. Express the results in the form of graphs. At noon, hold a cardboard 1 deci¬ 
meter square at right angles to the sun’s rays on each of the three flats and measure 
the length of the shadow cast on the surface of the soil. Multiply each number thus 
obtained by 10, the width of the shadow in centimeters, and thus determine the 
number of square centimeters over which a unit area of radiant energy (1 square 
decimeter) is dispersed. 

Effect of Water Content on Soil Temperature. —Use two flats with fairly dry, black 
soil. Determine the surface area of one flat {e.g., 14 by 14 inches) and slowly add 
enough water (at the temperature of the soil) from a sprinkler to equal Yi inch of rain 
(14 by 14 by 0.5 = 98 cubic inches, and 1 cubic inch = 16.4 cubic centimeters). 
Determine the temperature in each flat as before. Express the results in graphs. 

Effect of Color on Soil Temperature. —Use a flat filled with light-colored sand. 
Over a 25-square-inch surface of the flat spread a pint of dry sand previously colored 
with 4 ounces of black ink. Determine the relative temperatures as above under the 
two conditions. Plot graphs. 

Effect of Cover on Soil Temperature. —Cover one flat, filled with loam as in the 
previous experiments, with a mulch of ]4 inch of dead grass or leaf litter held in place 
by a fine woven wire of coarse mesh. Compare the hourly temperatures at a depth 
of inch with that of the control. Analyze the effect of the various factors in each 
and compare the four studies upon this basis. 

Measurements of soil temperatures should also be made in different habitats and 
at various depths in the field. A sharp-pointed rod is useful in making a hole for the 
thermometer. 

The degree of slope has a marked effect upon the amount of radiant 
energy received by the soil (Fig. 113). A slope of only 5 degrees may be 
equivalent to a latitudinal distance of 300 miles. The soil warms more 
quickly, vegetation starts earlier, and crops like wheat may ripen several 
days earlier on south than on north exposures.**^ Delay in blossoming 
and consequent reduction of the danger of freezing of fruit trees is often 
brought about by planting orchards on north slopes. Slope is empha¬ 
sized by latitude. In the far north, barley, for example, may be grown on 
south slopes, those facing north being covered until midsummer with snow. 

Cover has considerable effect on soil temperature. Soil is cooler in 
summer under a cover of vegetation such as grass which intercepts most 
of the radiant energy,*®*^ and especially under forest litter.®**^ It is warmer 
in winter than similar bare soil, since the cover acts like a blanket of poor 
conductivity, thus reducing the rate of loss of heat.®®^ Even a mulch 
of loose, dry soil, owing to its low conductivity of heat, reduces the 
extremes of temperature fluctuations in soil. Conversely, moist soil of 
compact structure is more uniform in temperature throughout. It is 
readily penetrated by frost to a considerable depth. There is usually no 
frost damage to roots where there is an insulating blanket of snow or of 
vegetation, living or dead. 
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The effect on depth of freezing is often marked, as it is also under a 
cover of snow. For example, under clean cultivation, thfa soil at Lincoln, 
Nebraska, froze to a depth of 19 inches but under a cover crop of millet 
to only 12 inches. After a snowstorm, accompanied by wind, less, than 
an inch of snow was held on the otherwise bare soil which froze to a depth 
of 16 inches; 11 inches accumulated in the cover of millet and the soil was 
frozen to only 8 inches in depth. Forest litter delays the freezing of the 
soil. It may keep it from freezing hard, and the depth of frost penetra- 



Fiq. 113.—Diagram showing the distribution of a given amount of radiant energy on 
different slopes on June 21, at the 42d parallel North, i.e., in the latitude of Chicago. 
{From Lyon and Buckman. The Nature and Properties of SoUa. Copyright 1922 by The 
Alacmillan Company. Reprinted by pcrmiaaion.) 

tion is greatly diminished as compared with bare soil. The intergranular 
spaces are not filled so completely with ice; hence, the water from winter 
rains and melting snow or ice penetrates the soil under the litter, instead of 
running off as on the more compactly frozen bare soil.“^ It is significant 
that soil does not freeze until it is cooled several degrees below 32®F., 
and, indeed, some water remains in the liquid form at extremely low 
temperatures.’® 

Measurement of Soil Temperatures. —The daily range of temperature 
in the surface of the soil may be considerably greater than that of the air 
above, and for a study of surface conditions the thermograph is essential. 
This consists of a metal bulb an inch in diameter and 12 inches long, 
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filled with a liquid which in expanding or contracting records the change 
upon a metal disk to which it is connected by a long, flexible tube. A 
pen, connected to the disk, records the temperature upon a chart which 
is marked off in degrees, hours, and days and is attached to an 8-day 
clock that causes the drum to make one complete revolution each week 
(Fig. 114). 

In setting the instrument in the field, the tube is placed horizontally 
in a container filled with water. After 10 to 15 minutes, the temperature 
of the water is carefully determined by means of a thermometer which has 
been checked with a standardized one and the pen set accordingly, by 
means of the adjusting device, care being taken to turn the drum so that 
the correct hour is indicated. In placing the bulb in the soil, great care 



Fig. 114. —Soil thermograph with case opened and a thermometer with brass case placed in 
the top. The thermograph bulb is buried in the soil at any desired depth. 


should be exercised to disturb the natural cover as little as possible, and 
after adjusting it horizontally at the desired level and burying the surplus 
tube-length at a similar depth, the natural cover, in so far as possible, 
should be restored. The exact position of the bulb should be marked. 
It should be placed at such distance from the instrument shelter that the 
soil will at no time be shaded by the latter. The shelter should be firmly 
held in place by means of stakes. Once properly adjusted the instrument 
needs little attention except to ink the pen, insert a new chart, and wind 
the clock once each week. The Headings should be checked from week 
to week by inserting the thermometer in a small hole made by a sham 
rod in the soil near the bulb. The best time is in the early morning when 
radiation and absorption of heat from the surface soil are about equal. 
Otherwise, the reading of the thermograph is apt to lag behind that 
of the thermometer. 
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The depth at which the bulb is buried varies mth the purpose of the 
reading. Surface temperatures may be taken by covering the bulb with 
only a thin layer of soil. If temperatures for seed germination are 
desired, it should be placed shallower than that for the study of the root 
development of seedlings. If only one instrument is available a depth of 
4 inches is the one usually employed. Other types of self-recording 
thermometers may be had. 

Special soil thermometers possess a very long tube, the whole instru¬ 
ment being en(;ased in a wooden jacket for protection. The soil ther¬ 
mometer is placed in the ground at the desired depth. The scale is 
then above the surface where it may be read directly. Since soil tempera¬ 
tures are relatively constant, espe(‘ially at depths greater than 12 inches, 
frequent readings of them are consequently unnecessary. Ordinary 
thermometers, furnished with brass cases to avoid breakage in carriage, 
yield satisfactory results. 

Relation to Activities of Higher Plants. —The rate of absorption, like 
all the physical and chemical processes taking place within the roots, 
is decreased by a lowering of the soil temperature. A low temperature 
permits only a slow rate of absorption. The effect of soil temperatures 
upon transpiration has been studied in connection with dwarfing in the 
alpine tundra of Pike^s Peak. Temperatures between 55 and 100®F. 
exerted little influence, but transpiration fell rapidly below 55®F., being 
reduced to half at 38 and practically to zero at 34®F. The plants began 
to wilt at 40 and drooped badly at 34®F.^*® Even in the latitude of 
southern Arizona, the conditions of soil temperature for most favorable 
absorption do not prevail in winter, and the effect is a limitation of the 
development of both root and shoot of winter annuals. This also 
explains the damage often done to trees, shrubs, winter wheat, and other 
plants in early spring by warm weather and high winds when the soil is 
still cold, if not frozen. Under these conditions, transpiration exceeds 
absorption. Winterkilling is, perhaps, more often due to drying than to 
freezing. It also results from smothering under impervious ice or snow 
and from soil heaving. 

Favorable soil temperatures promote rapid seed germination and 
seedling establishment and are necessary for vigorous root growth. The 
warmer the soil in spring in temperate climates the niore rapid are 
germination and growth. For example, the roots of the creosote bush 
(Covillea) elongated at the rate of 0.1 millimeter per hour at 59®F., 
0.4 millimeter at 77®F., but 1.6 millimeters at the optimum temperature 
of 90°F.^®® Plants vary greatly in regard to temperature requirements 
for germination.®®® Wheat will germinate at a minimum temperature 
of 40’®F., maize requires 49°F., but pumpkins require 52°F. Wheat 
germinates best at 84‘’F. but reaches its limit at lOS^F.; but the optimum 



PLANT ECOLOGY 


^24 

for maize and pumpkins is 93°F., and they continue to germinate until 
115°F. is reached.®®^ Soil temperature at the time of sowing profoundly 
affects the development of cereals. Germinating winter wheat must 
undergo a period of low temperature or it will fail to head.”® Seeds 
buried in duff under a dense forest canopy often remain dormant because 
the temperature is not favorable to germination. Heavy thinning or 
cutting may admit sufficient heat to promote a good stand of seedlings. 

A very important factor in the control of soil temperature is the 
maintenance of an optimum moisture supply. This can be promoted 
by drainage or irrigation, by proper methods of tillage to produce a good 
soil structure, and by maintaining sufficient organic matter in the soil. 

Relation to Soil Organisms and Soil Reactions. —Many desirable 
biological and chemical soil reactions are retarded or stopped by unfavor¬ 
able soil temperatures. Most soil bacteria do not become active until 
temperatures of 45 to 50°F. are attained. Temperatures of 65 to 70®F., 
which afford good root growth, also promote such changes as the decom¬ 
position of organic matter with the production of ammonia and the 
formation of nitrate nitrogen. Likewise, the fixation of atmospheric 
nitrogen depends upon similar favorable temperatures. In one experi¬ 
ment extending over a period of 3 weeks, the amounts of nitrates produced 
at 44, 94, and 111°F. were 4, 47, and 11 pounds per acre, respectively.^^® 
Surface-soil temperatures may become so high that bacterial activity is 
suspended and the organisms themselves may be destroyed. 

The rapidity of rock weathering in the tropics illustrates the fact 
that chemical changes in the soil are greatly accelerated by high tem¬ 
peratures. The solvent action of water is greatly increased. Tem¬ 
perature also exerts a marked effect upon such physical changes as 
rate of percolation, evaporation, diffusion of gases, vapors, and salts in 
solution. The aspirating effect brought about by a small change in 
soil temperature is often so marked as to result in thorough renewal of 
the oxygen supply of the soil to a depth of several inches. 

SALINE SOILS 

In arid regions where drainage is very slight, as well as in marshes, etc., 
adjacent to seashores and other bodies of salt water, the soil salts may 
accumulate to such a degree, especially in lowlands, that they are dis¬ 
tinctly harmful to most plants. The salts may have been present origi¬ 
nally in the parent materials and not leached as they are under heavy 
rainfall. More commonly salts occur in poorly drained places or seep¬ 
age areas where they accumulate upon the evaporation of the water that 
leaches them from adjoining land. These are areas of periodic excessive 
moistening and drying. These accumulations of soluble salts are 
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termed alkali. Alkali in soils includes any soluble salt, regardless of its 
spedfic reaction, that occurs in sufficient concentration to injure crop 
plants. It includes the chlorides, sulphates, carbonates, and nitrates 
of sodium, potassium, and magnesium and the chloride and nitrate of 
calcium. Thus, even sodium nitrate, an important constituent of 
fertilizers, if in excess, produces a saline or alkali soil. With the exception 
of the carbonates of sodium and potassium, all of the soil salts are neutral 
in reaction. Hence, soils containing an excess of any of these neutral 
salts are more properly designated as salty or saline soils {Solonchak). 



Ku;. 115.—A saline area duo to an excess of sodium chloride. The dark-colored plant 
horderiiig the salt-encrusted urea is sea blite (Suaeda dejtressa), and the lighter colored 
vegetation mostly saltbush (Alriplex hastaia). Salt grass {DiatichliB apicata) occurs on the 
less salty soil in the background. 


They are known collectively, however, as white alkali, from the white 
incrustation usually produced by them (Fig. 115). The highly alkaline 
soils containing carbonates of sodium or potassium are called black alkali 
(Solonetz) because of the dark-colored incrustation w^hich these salts pro¬ 
duce by their solvent action on the organic matter of the,soil. In many 
places where vegetation is sparse, the color is brown or dark brown instead 
of black. Desalinization, i.e., removal of the excess salts as by drainage, 
and alkalinization (hydrolysis of sodium to sodium hydroxide and its 
reaction with carbon dioxide to form sodium carbonate) change a saline 
soil (Solonchak) to a deflocculated alkaline one (Solonetz).In many 
irrigated areas there are considerable tracts which have gone completely 
out of cultivation as a result of these processes, 
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Wmte and Black Alkali.—Mix 200 grams of black potting soil with 4 giama of 
sodium chloride dissolved in 25 cubic centimeters of water and another lot with 4 
grams of sodium carbonate. Place each in a glass tumbler and add enough water 
to saturate. Allow the tumblers to stand where the soil will dry out and note the 
crust formed in each case. Incrustations of '"black alkali’* may be white if the ^il 
is very low in organic matter, and the incrustations of "white alkali" may be black 
if the salts are calcium and magnesium chlorides and the organic matter high. 

Salino areas are frequent from western Canada to the high plateaus 
of Mexico and in other arid parts of the world*. The salts have originated 
from the soils derived from the native rock. In regions of greater rain¬ 
fall, such as the eastern half of the United States, the excess salts have 
been leached out and finally accumulated in the ocean. Plants of salt 
water, e.g., seaweeds, mangroves, etc., have certain adaptations such as 
high osmotic pressures or mucilaginous cell contents, etc., characteristic 
of halophytes.**” 

In about 16 of the western states, soil alkali furnishes one of the chief 
problems in agriculture. Approximately 13 per cent of the irrigated land 
of the United States contains enough alkali to be harmful to crops, and 
over extensive areas the soil is so filled with salts, that only a scanty 
vegetation can exist.”* 

Why Salinity is Harmful.—Saline soil is harmful to plants in a number 
of ways. A concentrated soil solution, due to excess of salts and to 
loss of water by surface evaporation, may delay seed germination either 
temporarily or indefinitely by hindering water absorption. The seeds 
of most halophytes probably germinate only when the soil solution is 
diluted by rains. If germination is successful, a later concentration of 
salts may cause the movement of water from the root hairs to the soil. 
This gives rise to a condition of plasmolysis; absorption is inhibited and 
wilting and death may result. Even if the plants can grow, their 
nutrition is deranged, unless they have become adapted to the excess 
supply of ions into which the salts are dissociated. 

Wheat plants can make a good growth in the presence of a quantity of salts 
that will not pennit the formation of well filled heads of plump grain. Various 
kinds of fruit trees can endure a concentration that seriously injures the texture, 
sweetness, flavor, and keeping quality of tlie fruit. The burning quality of 
tobacco, the length and fineness of cotton fiber, and the purity coefficient of 
sugar cane and sugar beets may be impaired by a quantity of salts too small to 
interfere seriously with the growth of the plants. 

Injury due to excess salts is often shown by chlorosis. The bark of 
plants may be corroded at the soil surface by salts, especially by the 
carbonates, concentrating in the surface soils during drought. In this 
way, the bark on plants in orchards and vineyards may be so thoroughly 
destroyed that the passage of food from the leaves to the roots is pre- 
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vented. Alkali carbonates may, moreover, affect soil structure detri^ 
mentally, at least to most plants, by dissolving out the humus and 
defiocculating the clay and by producing impervious colloids through 
chemical reaction. Many saline soils are underlaid by a hardpan, pro¬ 
duced in this manner, which is impervious to both water and roots. 

The limit of tolerance to salt is determined, in part, by the species, a 
phenomenon clearly revealed in zonation about saline depressions. 
Soil samples to a depth of 4 inches from zones of saltwort {Salicornia 
rubra), sea blite (Suaeda depressa), and Atriplex, at Lincoln, Nebraska, 
where the salt is sodium chloride, reveal a concentration of 2.3, 1.8, and 
1 per cent, respectively, of the dry weight of the soil. About Great Salt 



Fig. 116.—Showing method of determining the effects of different concentrations of 
salt on the germination of wheat. The sand is half saturated with water and contains no 
NasCOa (two tumblers on left). The others contain 1,00C, 1,500, and 2,000 parts per mil¬ 
lion of this salt, respectively, based on the dry weight of the soil. 

Lake, where there is great desiccation of the soil in summer, Salicornia 
grows in soil with a salt content ranging from 0.5 to 6.5 per cent. Even 
salt grass (Distichlis) may endure a salinity of 2 per cent. In extreme 
cases saline soils are devoid of vascular plants, as on the strands of this 
lake, although various algae occur in the lake where the salinity varies 
from 14 to 27 per cent.^®® 

Since the concentration of the salts in any soil varies with the water 
content, soil moisture should be determined as well as the ^reentage of 
salts in the oven-dry soil. Furthermore, tolerance depends upon the 
kind of salt. Although sodium carbonate is about as toxic to plants 
in water or sand cultures as sodium chloride, under natural conditions 
it is the worst of the alkali salts. This is because of its harmful effect 
upon the soil also, which intensifies the injury to the plant. The time 
of concentration of the salt in the surface soil is also of great importance. 
Winter wheat, for example, which usually tolerates less than 0.4 per cent, 
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planted in the fall might fail upon an area which would successfully grow 
spring-sown clover, although the latter is less tolerant of salt (Fig. 116). 
Finally some plants, such as sugar beets and alfalfa, which are very sensi¬ 
tive to salt injury in their seedling stage, are quite resistant later in life. 
Because of complicating factors such as variation in water content (and 
hence dilution of salts), organic matter, antagonism of the salts, adsorp¬ 
tion, etc., the degree of tolerance varies within limits. Only a very few 
useful plants can grow where more than 1.5 per cent of the dry weight 
of the soil within the root zone consists of soluble salts. 

To Determine the Effect of Different Kinds and Concentrations of Salt on the 
Germination of Wheat. —Weigh o\it 1,000 grams of fairly coarse, dry sand. Place 
it in a jar and add enough water from a liter graduate to saturate it, noting the 
amount needed. Measure out enough dry sand to fill three large tumblers, and weigh. 
Weigh out four more similar lots. To the first lot add 50 cubic centimeters of water 
containing 1,000 parts per million of sodium chloride based on the dry weight of 
the soil. Then add enough water to half saturate the sand. After mixing \Gry 
thoroughly, fill each of the three glass tumblers. Plant 25 selected seeds of wheat 
about 1 inch deep in each. To prevent evaporation from the surface and consequent 
increase in salt concentration, invert a second tumbler over the first and keep it in 
place by means of four large, gummed labels. Label the glasses and place them in 
rows in the greenhouse in strong, diffuse light. 

Proceeding in the same manner, use a concentration of 1,200, 1,500, and 2,000 
parts per million, respectively, and also soil without salt, as a control. In another 
series, sodium carbonate may be used at the same rates. 

At the end of a week, count the seedlings that have appeared above ground in 
each case and tabulate. Repeat at the end of the second w^eek. At the end of 3 
weeks, also count the number of seeds that have germinated but from -which seedlings 
failed to appear. Also, note the nature of the roots and tops of the plants grown under 
the several conditions. When these results have been obtained, the experiment may 
be repeated with other concentrations if desired. Explain the effects of an excess of 
salts upon germination and growth. 

In field practice, the degree of salinity is usually determined by the 
electrical-resistance method. This consists in passing a current through 
a mixture of 20 grams of soil and 50 grams of distilled water. Resistance 
varies inversely as the total salt content. This method is not reliable 
when much organic matter is present. The percentage of the different 
kinds of salts present can be ascertained only by chemical analyses. 

Various methods of reclaiming saline and alkali lands are employed. 
Among these are scraping the salts from the surface when they have 
accumulated there; plowing them under; leaching them from the furrow 
bottoms into the subsoil and preventing their accumulating at the sur¬ 
face by efficient mulches, etc. The most satisfactory and permanent 
method is to add sufficient water to leach and drain out the excess salts 
and thus entirely to free the soil of them. This process often requires a 
period of several years. Where sodium carbonate is present, addi- 
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tions of gypsum (CaSOO with subsequent flooding may be effectively 
employedor sulphur may be added to the soil. The latter slowly 
forms sulphuric acid which neutralizes the sodium carbonate. Moreover, 
calcium is brought into solution as calcium sulphate which exerts a fur¬ 
ther beneficial effect.^®® 

To Determine Chlorides by Volumetric Precipitation from a Chloride Mixture.— 

Many saline soils are due almost entirely to sodium chloride. Place 200 grams of 
oven-dry soil in a liter of water and shake thoroughly from time to time during the 
following 24 to 48 hours. Allow to settle. Filter twice, taking out all possible cloudi¬ 
ness. Titrate a 50-cubic centimeter ali(iuot against standard silver-nitrate solution, 
using potassium chromate as the indicator, i.e.y put a few' drops of the indicator (10 
grams of K 2 Cr 04 dissolved in 100 cubic centimeters of water) into the soil extract and 
add AgNOa from the burette until the solution turns pink. The silver from 1 cubic 
centimeter of standard AgNOa solution (4.792 grams AgNOa per liter of distilled 
w'ater) unites with 1 milligram of chlorine. Hence, multiply by 20 the number of 
cubic centimeters of silver nitrate used to neutralize the 50 cubic centimeters of 
aliquot to find the total amount of chlorine in the 1,000 cubic centimeters of soil 
extract. Multiply this by the factor 1.6486 to obtain grams of NaCl extracted from 
the 200 grams of soil. What percentage of salt does the soil contain? 

ACID SOILS ' 

In humid regions, the soil is frequently acid. The causes of soil 
acidity are complex. It is due primarily to the leaching of soluble basic 
salts, especially calcium carbonate. In soils of organic origin, calcium 
carbonate originally occurred only in small amounts. When basic salts 
are present in only very small proportions, the soil develops more or less 
marked acidity, most generally as the result of the accumulations of 
humus under conditions of poor aeration but sometimes by the setting 
free of acid from the mineral constituents of the soil, as explained below. 
Either mineral or organic acids may occur. Nitric acid may be produced 
by nitrifying bacteria; sulphuric acid by the oxidation of sulphur-bear¬ 
ing compounds; hydrochloric acid by the interaction of salt water and 
soils in the vicinity of saline areas; and carbonic acid is continually pro¬ 
duced in large amounts and is universally present in soils. Numerous 
organic acids, c.(7., oxalic, lactic, and acetic, are formed by the decomposi¬ 
tion of celluloses and other organic compounds, and certain organic acids 
are actually secreted by roots in poorly aerated soils. Amino acids are 
also formed by decay of materials of organic origin. It is believed that 
both the inorganic and organic colloids of the soil adsorb various sub¬ 
stances. Probably, by a combination of physical and chemical processes, 
the molecules, atoms, or ions are adsorbed on the surfaces of the colloidal 
particles. H ions are among the substanc(is adsorbed. A neutral salt 
in the soil, e.g.y calcium chloride, may replace some of the adsorbed H ions, 
and the letter, going into the soil solution, increase acidity. Moreover, 
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acidity may result from the double decomposition of certain salts already 
in the soil.**® 

In general, acidity is due to the absence of sufficient calcium and mag¬ 
nesium bases to counteract the acids of whatever origin. The decrease 
in the amount of bases is brought about by the continual leaching of these 
soluble compounds. These carbonates, in the presence of acidulated 
water, form the soluble bicarbonates and are carried downward in the 
soil. When the soil becomes drier, as a result of absorption by roots, they 
are deposited as the insoluble carbonate, i.e., the movement is gradually 
downward. 

Surface soils are generally more acid than subsoils. In humid regions, 
hilltops, ridges, and uplands of rolling topography may be acidic as a 
result of the gradual leaching of the bases to lower slopes and level lands 
where the soil may be neutral in reaction.^-^ Inwash of soil from uplands 
which are acid may reverse this condition along smaller streams. Soils 
of high altitudes are generally more acidic than those of lower ones.^^® 

Hydrogen-ion Concentratiou.—^The strength of an acid solution is not 
dependent upon the total quantity of acid present in it but rather upon 
the number of hydrogen ion^ in a certain volume of the solution, ^.c., upon 
the hydrogen-ion concentration. According to the modern ionic theory, 
many compounds when in solution undergo electrolytic dissociation into 
positively and negatively charged particles known as ions. In dilute 
solutions of hydrochloric acid, for example, only a small portion of it 
is in actual solution as molecules of HCl. The greater j)ortion is almost 
completely dissociated into positively charged H ions and negatively 
charged Cl ions. The characteristic properties of sourness and reddening 
of blue litmus are due entirely to the presence in the solution of the H ions. 
In weak acids, i.e., where the acidic properties are only slight, as in vinegar 
(acetic acid), the molecules are dissociated to only a small extent. There 
are only a few H ions present in their solutions. 

Normal solutions of acetic and hydrochloric, acids each contain 1 gram 
of hydrogen per liter; the total quantity of acidic hydrogen is the same in 
each. If each solution is greatly but equally diluted {e.g., 0.001 N), the 
hydrochloric acid is 97 per cent ionized, since it is a strong acid; but the 
weak acetic acid is only 13.6 per cent ionized.®^ The former contains 
many times more H ions than does the latter. That the total acidity of 
the two acids is the same is shown by the fact that it takes the same 
amount of an alkali to neutralize each. But since it is the ionized hydro¬ 
gen only that is responsible for the acidity of a solution at any given 
moment, it should be clear that the hydrogen-ion concentration of a 
solution, such, for example, as’ the soil solution, is, for biochemical pur¬ 
poses, a much more valuable criterion than is the potential alkali-neu¬ 
tralizing power.*®® 
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Even pure distilled water is ionized to a slight degree. But since 
there are as many OH (hydroxyl) as H (acidic) ions, the solution is neu¬ 
tral. For convenience of expression the actual hydrogen-ion concentra¬ 
tion, i.e.y the number of free hydrogen ions present per liter of solution, is 
not used; instead a number indicating the logarithm of the reciprocal 
of the hydrogen-ion concentration, termed the pH value, is employed. 
For water this is pH 7. Since for pH 7 there is exact equality between 
H and OH ions, it follows that on either side of this value one or the other 
will be in excess. Thus, values of pH below 7 indicate acid solutions— 
the smaller the value the greater the acidity—and values above 7, alka¬ 
linity. For each unit decrease in pH the hydrogen-ion concentration 
becomes 10 times each preceding concentration.®®^ The hydrogen-ion 
exponent is a measure of the intensity factor of acridity and not of the 
acid or acidic substances present. Hydrogen-ion concentration in a soil 
varies considerably, sometimes 1 pH unit, with rainfall and season and 
is also modified by the growing vegetation.®®-* Strongly acid soils have 
pH values of 4.5 to 5.0. Extreme values of pH 2.8 have been determined 
in the subalpine ericaceous heath balds of Teiinessee^^® and 9.7 in saline 
soils of California.®'® 

Methods of Determining Acidity .—Methods for the determination 
of the pH value arc (dectrometric and colorimetric.'^® Much new and 
very satisfactory equipment has been devised. The c,olorimetric method 
is simple, relatively inexpensive, and the apparatus easily portable. It 
is usually accurate to within 0,1 pH unit and is thus satisfactory for all 
ordinary soil investigations. The method is based upon the fact that a 
series of indicators have been found whose colors depend upon the prevail¬ 
ing pH and which are sensitive to changes in pH within certain well 
defined limits. For example, bromthymol blue is yellow for values 
of pH below 6.5; between 6.5 and 7 it changes through various shades of 
green, until for higher values it becomes blue. Thus, by the use of 
several indicators, some oi which have a lower range of values and others 
a higher range than bromthymol blue, the degree of acidity or alkalinity 
of the soil or other solution may be determined.®^-^®^ 

To Determine Soil Acidity.—Measurements of soil acidity are made by determining 
the hydrogen-ion concentration of a suspension of soil in (neutral) distilled water, 
hydrogen-ion concentration being a measure of the degree of acidity. Air-dried soils 
o/Ter a more comparable basis than fresh soil samples, and they are generally used 
for the determination of pH value. A soil-water ratio of 1:2 is well adapted to both 
colorimetric and electrometric determinations of hydrogen-ion concentrations of 
most air-dried soils.Use some standard colorimetric method, such as the Hellige, 
LaMotte, or LaMotte-Morgan soil-testing sets, etc., directions for which accompany 
the apparatus. Test a number of soils from different habitats and the several layers 
of the same soil. Do you find a definite relation between acidity and the kind and 
composition of the plant community?‘*‘*’^*'* 
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Effects upon Plants. —An anid soil solution with accompanying low 
temperatures, etc., may affect plant growth by checking the work of 
nitrifying bacteria and all forms of nitrogen-fixing bacteria. Earthworms 
are sensitive to soil acidity. An acid grassplot at the Rothamsted Experi¬ 
mental Station in England contained no earthworms, although they were 
abundant in an adjoining nearly neutral one.^^ The absence of earth¬ 
worms and general decrease in soil organisms prevent the normal decay 
of humus and promote the accumulation of carbon dioxide and resulting 
toxic organic substances. Acidity also has a marked effect upon the 
availability of soil salts. The solubility of phosphate, c^xlcium, mag¬ 
nesium, iron, aluminum, and manganese is markedly influem^ed.’’**® The 
harmful effects of acidity may be due to an increased concentration of 
aluminum^”*^ or manganese.In acid soil, the crumb or flocculated 
structure of clay may be destroyed and the soil put in x)oor i)hysical 
condition. As a consequence, the water content is increased and aeration 
diminished. Furthermore, plants need lime, which oc(*.urs in too small 
amounts in acid soils, since it is a necessary nutrient and also acts as a 
neutralizing and {)recipitaring agent within the cell sap. 

Among cultivated plants, certain varieties grow fairly well even in 
soils that are acid.^^® '^**-^ Timothy, flax, redtop, and rye belong tf) tins 
group. These plants have a low lime content, make a relatively slow 
growth, but possess extensive root systems Avhich thoroughly perrm^ate 
large volumes of soil. Most leguminous plants grow poorly on acid soils. 
In general, they are [flants of high lime content, make a rapid growth, 
and, because of their coarse taproot systems, have a relatively medium 
or low absorbing j^ower for lime. They have difficulty in securing enough 
lime for their needs.®®^ Onions, peanuts, and tobacco an^ examples ot 
crops injured by acid soils; buckwheat, cowpeas, and i)otatoes tolerate 
strong acidity. Acidity in soils may be corrected and such soils mad(^ 
more productive to most crops by the addition of some form of lime. The 
^riime requirement” of a soil depends not only upon its f)H but also upon 
the extent to which it is buffered by humus content, clay, and phosphates. 
Buffer action is the resistance offered by a solution to variation in its 
pH value as a result of the addition or loss of acid or alkali.^®^ 

Soils more acid than pH 3.7 normally are not forested but clothed 
with heaths of low shrubs, lichens, etc., or with bog thickets. In eastern 
North America, soils with pH of 3.7 to 4.5 frequently support stands of 
tamarack, black spruce, and hemlock, or aspen and birch. Within a 
range of 4.5 to 5.6 the majority of coniferous trees and many northern 
deciduous trees are found. Moderately or slightly acid soils (pH 5.5 to 
6.9), characterized by relatively great activity of microorganisms, high 
availability of mineral nutrients, good structure and aeration, are very 
favorable to tree growth. On such soils occurs the bulk of the great 
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deciduous forest. Nearly neutral to alkaline soils are characteristic 
of the great grassland areas. 

Certain species such as blueberries {Vaccinium); mountain laurel 
{Kalmia), and azaleas (Rhododendron) grow only in acid soils. This is, 
perhaps, an adaptation following long periods of adjustment resulting 
from the sorting out of plants by the process of competition.^® These 
acid-requiring plants are, moreover, all endotrophic mycorrhizal species 
and it seems probable that it is the mycorrhizal fungi rather than the 
flowering plants themselves that require the acid condition. 

Certain species of plants have been grouped into lime-loving (calciph¬ 
ilous) and lime-fearing (calciphobous) species according to whether they 
grow on limestone or siliceous soils. Experiments have shown, however, 
that the calciphobous species, such as the common brake (Pteris aquilina), 
also flourish in a soil rich in lime, provided other soluble salts are not in 
ex(;ess. Similar results have been obtained with the sorrel (Rumex 
acetoseUa)j which has adapted itself to soils so acid as to be unfavorable to 
most field crops.®^"^ When lime is added, its yield is increased, but the 
sorrel is then largtdy replaced by (‘lover or other plants that can compete 
successfully in the limed soil.®****^ Conversely, many calciphilous plants 
will grow in limelc^ss soil if man prevents competition from better adapted 
species. Communities deveJoped On soils with an approximatfdy neutral 
reaction arc* usually composed of the larg(^st number of spec^ies. The 
subject is complicatcHl, how'ever, by the fact that the reaction of the soil 
is often stratified.^^-^'^^ The surface layer may be quite acid, the deeper 
ones rich in lime, thus pr(*senting two partial habitats. Unless acidity 
is quite marked, its eflFects are usually overshadowed by th(‘ water and 
air relations. In bogs, aeration is the dominant factor and acidity is 
concomitant. A definite correlation between acidity and the presence 
of sphagnum has been established.*^^^ 

In nature it is difficult to find marked changes in acidity without at 
the same time discovering great physical, chemic^al, and other differences 
in the environment.^'*® Habitats with the same pH but differing in other 
factors show corresponding diffen^nces in vegetation. The difficulties 
involvc^d in measuring these other factors and integrating their effects 
have often caused their potency to be minimized and the cause of differ¬ 
ence assigned to the readily measurable differences in acidity.^^® 



CHAPTER IX 


REACTION AND STABILIZATION 

A plant or a community produces various effects upon the habitat. 
All such effects are termed reactions. These are not to be confused with 
the impress which the habitat makes upon the plant. A habitat offers 
a certain amount of the factors—water, light, nutrients, etc.—to growing 
plants and the vegetation adjusts and adapts itself to this supply. If 
water is not abundant, it takes on a xeric impress; if in excess, a hydric 
one. But in any case the plants react upon the habitat, changing one 
or more of its factors to a decisive or appreciable degree. Such changes, 
however, cannot go on indefinitely. After many generations of plants 
have grown on an area and it has been occupied .successively by the 
various stages of a sere, there finally appears a community of plants 
which is in dynamic adjustment with the habitat thus modified under 
the control of the particular climate, i.e., essential stabilization is attained. 
Stabilization in turn is the very essence of conservation, both natural and 
man made, as shown in a later section. 

GENERAL REACTIONS 

The effects of habitat on plant and of plant on habitat arc mutually 
complementary and often very complex. As a rule, there is a primary 
reaction accompanied by several or many secondary ones. Trees 
decrease light and by so doing they also modify temperature, humidity, 
and evaporation. Sometimes two or more factors are affected directly 
and critically, e.g., marsh grass greatly reduces both water content and 
light. Thus, vegetation exerts its reactions entirely on the physical 
factors. 

The reaction of a community is usually more than the sum of the 
reactions of the component species and individuals. Although it is the 
individual plant that produces the reaction, the latter usually becomes 
recognizable through the reaction of the group. A community of trees 
casts less shade than the same number of isolated individuals, but the 
shade is constant and continuous and, hence, controlling. The leaf 
litter that forms the duff and leaf mold is only the total of the fallen 
leaves of all the individuals, but its formation is completely dependent 
upon the community. About isolated trees, it is blown away or dries 
in the sun and it rarely accumulates except where the trees are in groups. 

234 
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Widely scattered plants can scarcely accumulate wind-^lown sand and 
hold it in dunes, nor can scattered floating ones cause much sediment to 
settle from silt-laden water. 

Some reactions are the direct consequence of a functional response 
on the part of a plant. This is exemplified by the decrease of water by 
absorption, the increase of humidity as a consequence of transpiration,' 
and the weathering of rock by the excretion of carbonic acid. Others 
are the immediate outcome of the form or habit of the plant body. For 
example, the successful reaction of pioneers in gravel slides is produced 



Fia. 117.—-A Kravcl-slide plant (Paronychia jamcsii). Because of the extensive root 
system, the gravelly Huil within a radins of two or more feet of the plant is held more or less 
firmly in place. Cumpare Fig. 45. 


almost wholly by mat, rosette, or bunch forms with extensive or deep- 
seated roots (Fig. 117). In a primary area, the reaction is exerted 
by each pioneer alone and is then augmented by the family or colony. 
It extends as the communities increase in size and comes to cover the 
whole area as vegetation becomes closed. Reactions are often felt for 
a considerable area around the individual or group, especially where 
exerted against the eroding action of wind or water or the slipping con¬ 
sequent upon gravity. In most secondary areas or serai stages, the 
reaction is the combined effect of the total population. But the prepon¬ 
derant role is played by successful competitors and particularly by the 
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dominants. These determine the major or primary reactions, in which 
the part of the secondary species is slight or negligible. 

Role in Succession. —In the development of a primary sere, reactions 
begin only after the ecesis of the first pioneers and are narrowly localized 
about them and the resulting families and colonies. They are largely 
mechanical at first and consist in binding sand or gravel, producing 
finely weathered material, or building soil in water areas, etc. In 
secondary seres, extensive colonization often occurs during the first 
year and reaction may at once be set up throughout the entire area. 
The reactions of the pioneer stage may be unfavorable to the pioneers 
themselves, or they may merely produce conditions favorable to new 
invaders, which succeed gradually in the course of competition or become 
dominant and produce a new reaction unfavorable to the pioneers. 
Naturally, both causes may and do operate at the same time The 
general procedure is essentially the same for each successive stage. 
Ultimately, however, the time comes when reactions are more favorable 
to occupants than to invaders, and the existing community becomes more 
or less permanent, constituting a climax or subclimax. In short, a climax 
vegetation is completely dominant, its reactions being such as to exclude 
all other species. In one sense, succession is only a series of progressive 
reactions by which communities are sek'cted out in such a way that only 
that one survives which is in entire harmony with the climate. Reaediion 
is thus the keynote to all succession, for it furnishes the explanation of the 
orderly progression by stages and the increasing stabilization which pro¬ 
duces a climax. 

Stabilization and Climate. —The progressive invasion typical of suc¬ 
cession everywhere produces stabilization. The habitat has been occu¬ 
pied for longer or shorter periods by the populations of the several stages 
in the sere. From the beginning, there has been a steady or recurrent 
stream of invaders, and the development of the formation, like the growth 
of any organism, has been continuous or renewed. Where the dominating 
newcomers were of a different life form from the previous occupants, 
the cliange stood out clearly, as when floating plant consocies were 
replaced by those of reed swamp. The particular stage persisted just as 
long as the new life form was able to produce a reaction sufficient to con¬ 
trol the community. Owing to reactions, the habitat is constantly 
brought nearer medium or mesic conditions. The vast majority of 
species are not pioneers, i.c., xerophytes or hydrophytes, but mesophytes 
with comparatively high but balanced requirements for ecesis. The final 
outcome in every sere is the culmination in a population most completely 
fitted fot the mesic conditions brought about by the reactions of past plant 
generations. Such a climax is permanent because of its close harmony 
with the essentially stable habitat. It will persist just as long as the 
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climate remains unchanged, always provided that migration does not 
bring in a new dominant from another region, an exceedingly rare event. 

In many cases, dominance is primarily due to the control of water 
content as in grassland, or of light as in reed swamp, or of both as in 
scrub. Thus, the essential cause of the temporary stabilization with each 
change of life form is dominance. But until the final stage of develop¬ 
ment is reached, the populations are held in a certain stage only until 
the reactions become distinctly unfavorable to them or until the invasion 
in force of a superior life form. Thus, reaction is not only the cause of 



FitJ. 118.—Climax forest of tamarack (Lariac), white fir {Abits), and western red cedar 

{Thuja) Idaho. 

dominance but also of the loss of it. It makes clear why one community 
develops and dominates for a time, only to be replaced by another, and 
why a stage able to maintain itse?lf as a climax finally appears. 

Stabilization is increase of dominance. Every complete sere ends 
in a climax, t.e., a point is reached where the occupation and reaction of a 
dominant are such as to exclude the invasion of another dominant. The 
climax is thus a product of reaction operating within the limits of 
the climatic factors of the region concerned. The climate determines the 
dominants that can be present in the region and what life form will 
constitute the final stage of development of the formation. Thus, climate 
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is a stabilizing cause of succession. Reaction determines the relative 
sequence of stages and causes the selection of one or more of the final 
dominants. The climax is the mature or adult stage of vegetation. The 
climax formation is the fully developed community, of which all initial 
and medial communities are but stages of development. The causes 
that retard the complete maturing of the organism by handicapping or 
destroying some stage have been pointed out in discussing the subclimax. 

Although the climax marks the close of the general development, its 
recognition is possible only by a careful study of the whole process. 
Duration is in no wise a guide, since even pioneer stages may persist for 
long periods, and subfinal stages often appear to be climax. Development 
should be traced in all parts of the climatic region where dominants occur 
which are similar to the one supposed to be climax. Once attained, the 
climax will persist, except for catastrophes such as fire, flood, landslides, 
etc., until there is a fundamental change in climate, or until an essentially 
new flora develops as the outcome of long-continued evolution (Fig. 118). 
This is an event that has occurred but once in the last 100 million years 
or so, with the rise of angiosperms. 

Reaction and Coaction. —Reaction denotes the collective ellect ol 
organisms upon the habitat, while coaction refers to the influence of two 
or more species or individuals uiK>n each other. Reaction may comprise 
the total effect of the biotic community upon physical factors, though it 
is exerted chiefly by plants on land and by animals in large bodies of 
water, or the term may be applied to the specific operation of a particular 
grouping, layer, or species. Among animals, reactions may be individual 
and of little importance, like that of the badger, or they may be by social 
groups as with earthworms, ants, or prairie dogs, and correspondingly 
significant. For animals likewise, reactions may be variously combined 
with coactions, a process illustrated by such burrowers as gopher and 
mole and by harvesting ants or rodents, to say nothing of man. 

Kinds of Reactions. —These may be grouped in various ways, from 
the standp)oint of cause or effect, agency or matrix, etc. The soil as a 
fixed substratum is much more affected, largely by virtue of accumulation, 
and its reactions are consequently more numerous than those in air, with 
water-bodies occupying an intermediate position. Soil reactions may be 
conveniently arranged with respect to the factor directly concerned, 
under (1) soil formation and structure, (2) water content, (3) air content, 
and (4) solutes. On the same basis, air reactions may be considered 
under (1) wind, (2) temperature, humidity, and rainfall, and (3) light. 
However, since these factors are discussed in relation to plant response 
in the respective chapters, it is desirable here to treat the reactions upon 
them from the standpoint of conservation. Naturally, these constitute 
but part of the picture and coactions must also be taken fully into account. 
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In fact, it is coaction that regularly sets in motion the destructive proc¬ 
esses due to man and domesticated animals, which reaction must be 
invoked to control. Taken together, they make up the sum total of 
conservation, and they are first considered separately only for greater 
convenience in analysis. 

Plant Cover. —At the outset it is desirable to pass in review the features 
or qualities of vegetation that render it so valuable under natural condi¬ 
tions and its removal such a menace under utilization. This is largely 



Fiti. 119.—Relative efficiency of underground parts of lowland winter wheat without tops 
(hatched) and with tops (black) in prev’^enting erosion. 


a consequence of cooperation by virtue of which dominant species live 
together on fairly equal terms, as subdorniriants do likewise. Their 
respective needs, though similar, are not identical, and the usual result 
is the production of a continuous or closed cover, the essential chara(!ter 
of which is given by the dominants. Such exceptions ais occur in th(' 
form of a partial or open cover are found in the early stages of priseres 
or in such xeric climaxes as sagebrush and desert scrub. In practically 
all other instances, open cover in itself is an indicator of disturbance. 

In terms of both production and protection, the chief quality of cov;.. 
is its density or closeness of canopy. Closely associated with this are 
height of stem and depth and spread of root, and all three are to a large 
degree properties of the life form, such as forb, grass, shrub, or tree, or of 
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the subform, tall, mid or short grass, sod or bunch grass. Duration is 
likewise an important matter, as expressed in annual or biennial by con¬ 
trast with perennials, and the latter differ further, inasmuch as the shoot 
is underground or aerial. The persistence of dead stems and leaves 
may play a significant part, and this is usually augmented when they 
accumulate on the ground as litter. Even when all living parts have 
disappeared above ground, Jitter may act as a fairly adequate substitute. 



Flu. 120.—Root development from similar blocks of sod of Panicum virgatum, 25 square 
inches in area and 5 inches thick. The roots arc about 2 feet long. Tops from the sod 
on the right were undipped; those on the left were clipped six times during the summer. 
Roots of clipped plants weighed only 2.6 per cent that of the undipped. 


Tliis is particularly true when it is renewed year after year, a fact that 
renders fire a peculiarly undesirable type of disturbance. Root systems 
reflect their respective life forms to a greater or less degree, and the 
number, branching, spread, depth, and duration of roots are all features 
to be taken into account. 

The relative efficiency of roots and tops of plants acting together, and 
underground parts alone, in protecting the soil from erosion has been 
determined. Numerous paired samples of field and pasture crops as 
well as of various weeds and true-prairie vegetation were employed.®®^ 
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The samples eonsisted of 0.6 meter quadrats secured intact to a depth of 
1 decimeter from which the tops of the plants from one sample were 
removed by (dipping. Water was applied at a constant rate and force?, 
after the samples were inclined at an angle of 10 degrees, and the time 
was recorded for the complete washing away of the soil. Results with a 
cover of wheat are shown in Fig. 119. A dense cover of alfalfa was le.s,s 
efficient than that of fully grown wheat; the roots alone were slightly 
more effective than those of wheat. The erosion ratio of roots alone to 
roots and tops of brome grass was about 1:7. Even a cover of dead crab 
grass (Digitaria sanguinalis) placed on bare soil increased the period for 
complete erosion 15 times. The most formidable line of defense by the 
grasses against erosion is above ground, although the soil is also held in a 
remarkable manner by roots and rhizomes. Native bluestem prairies 
have 3 to 4 tons per acre (dry weight) of underground parts in the surface 
4 inches of soil.®^^ With continu(?d close grazing of tops this is reduced 
to one-half or less and in old pastures underground parts may be less than 
1 ton per acre (Fig. 120). Roots continue to be useful after they are 
dead and even after they have decayed, since they leave soil (channels 
down which water may move. 

SOIL REACTIONS 

Reactions of the Plant Cover. —With few exceptions, the cover of 
vegetation reacts favorably upon soil, not only protecting it from wastage 
but under natural conditions also improving its fertility and texture. A 
striking exception is afforded by streamside communities, which usually 
transpire large amounts of water and reduce local water supplies in con¬ 
sequence.^^ This is naturally a rea(jtion of all vegetation, but sometimes 
it is offset by the moisture contributed as a source of local rainfall. The 
reduction of soil nutrients by crops rarely finds a counterpart in nature, 
even native hayfields maintaining their over long periods. 

The primary effect of cover is to retard the movemcmt of water or 
wind over the surface of the soil by means of stems and leaves and to 
filter water into the soil along the roots or old root channels, a process in 
which litter and leaf mold also play leading roles.*'®^ This slackening has 
a direct effect upon the rate and amount of runoff, with immediate con¬ 
sequences in reducing the frequency and magnitude of floods, and the 
amount of erosion with its twin evils of removal and deposit. At the 
same time, absorption and infiltration with consequent percolation are 
increased proportionally, thus renewing the water content of the soil, 
regulating the flow of streams, and providing water of the proper quality 
for reservoirs and especially for urban use (Fig. 121). Practically all 
other reactions upon the soil are contributory to these primary ones, but 
among them the effects of organic materials and minerals seem to be of 
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Fig. 121.—Detail of plant cover in runoff plots in (top) native prairie, (cfenter) over- 
graaed prairie, and (bottom) prairie killed by overgrazing and trampling. The plots were 
only a few meters apart on similar soil and slope (10 degrees). Runoff from a 3-inr;h rain 
in 1.6 hours was 11.3, 60.6, and 71.6 per cent, respectively, and erosion 0, 355 pounds, and 
4.7 tons of soil per acre. 
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the first importance, especially under cultivation. Humus appears to 
render loose soils less erosive, while the nutrients stimulate growth and 
increase density of cover, and contribute to the litter when in organic 
form. Practically all these properties are found in the so-called “green 
manures'' or cover crops, which in addition serve to protect the soil from 
erosion during the rainy season, as in orchards in California, or during the 
period in which seedlings are becoming established, as in artificial 
regeneration. The values are often secured in largest measure by nodule¬ 
bearing legumes, which occupy a unique position among the plant 
reactors to be utilized for erosion control. 

Reaction of Plant Cover in Protecting Soil against Erosion. —Construct three 
boxes, of Vioards 1 inch thick, each 1 meter long and }4, meter wide inside. Bore four 
1-inch holes in one end of each, two of the holes being near the bottom of the box. 
Fill each box witli well screened soil of good water content. If the soil contains much 
clay, thoroughly intermix it w'ith one-third sand. The holes should be closed with 
(;orks. Plant two boxes to Sudan grass, millet, or oats, broadcasting the seed at a rate 
of about 1 per square inch. It is best to fill the boxes to within 3'2 inch of the top; 
sow the seed, and add another of soil. Keep the surface soil moist to insure 

good germination. The third box is unplanted, but water regularly to compact the 
soil, and keep all weeds removed. 

After 30 days, or when the plants are 6 to 12 inches tall, tilt the box with the bare 
soil at an angle of 10 degrees, remove the corks, and apply water from a hose with 
nozzle adjusted so as to simulate a moderate rainfall. This is best done by attaching 
a shower-bath nozzle to the hose and adjusting so that the water descends vertically 
and in drops as it reaches the soil. A temporary frame of 12-inch l>oards may be 
built about the box with soil to prevent splashing of the muddy water. Note the 
time required to wash away the entire contents of the box. If one or two dead leaves 
of elm or other deciduous tree are moi.stened and placed over the bare soil before 
applying water, an interesting phenomenon may be observed. Without readjustment 
of the rate of application of w'ater, determine the time required to wash away the soil 
from the second box, tilted at the same angle after the tops of the plants have been 
clipped to the soil surface and removed so that the soil is held by the roots only. 
Finally, determine the time for complete erosion wlien both tops and roots protect the 
soil. Record your observations and discuss the application of the principles con¬ 
cerned to grazing and crop production. 

Erosion and Plant Cover.—Decrease in water content and soil fertility 
and change in soil structure are all closely related to erosion caused by 
runoff. The latter is greatly influenced by plant cover. Upon areas 
from which vegetation has been partially or completiily removed, the 
raindrops beat upon the bare soil like millions of little hammers. The 
soil is compacted and its absorbing capacity is reduced. Reduced absorp¬ 
tion results largely from the fact that dashing rains churn the bared soil 
into muddy suspensions. As the water percolates into the earth, the 
suspended soil particles filter out, partially close the pore spaces, and 
finally seal the soil to such a degree that it absorbs but little.®^* The 
excess water accumulates on the surface and in running off removes with 



244 


PLANT ECOLOGY 


it the surface-soil particles, the humus, and the dissolved salts. Whether 
there is a more or less uniform washing away of the soil over the entire 
area, as in sheet erosion, or whether it is by the formation of gullies, 
landslides, or erosion along river bottoms, the results are the same. The 
remaining plant cover is destroyed, the richest portion of the soil is 
removed, leaving exposed a hard, compact, poor absorbing surface. 
Water content is often further affected by a lowering of the water table, 
which results in a constant tendency of the water in the upper layers 



Fig. 122. —Fighting a forest fire. During a recent 5-year period, fire destroyed 56,()()().- 
OOU acres of forest in the United States, and in many cases exposed the soil to erosion. 
(U. S. Forest Service.) 

to sink to a lower level. Soil removed from the uplands causes great 
destruction in silting over.vegctation of adjoining lowlands and in imped¬ 
ing navigation.“'^“^“®®® 

The mantle of soil that clothes the mountains and protects the head¬ 
waters of streams acts as a great natural reservoir. It is largely from this 
source that water for irrigation is obtained. The effectiveness of this 
natural reservoir is decreased in proportion as the soil is removed or its 
absorptive capacity lessened by erosion. The gradual release of water 
through spring-fed streams is replaced by destructive floods. Nearly 
half the United States—the hilly half—is being seriously impaired by 
water erosion. This haj^ been brought about largely by the removal of 
the natural plant cover, as in the process of clearing forests from non- 
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agricultural land, through destructive lumbering, fires, and overgrazing 
(Figs. 122 and 123).w-72i* 

Forests, chaparral, grassland, and all kinds of plant cover, living or 
dead, protect the soil from erosion.®®**-®®^ This effect is due partly to pro¬ 
tection afforded by aboveground parts, in part to the results of humus 
accumulation, and in no small degree to the binding action of roots and 
rhizomes. Soil is warmer in winter and cooler in summer under a plant 
cover and especially in forests and scrub. Hence, snow begins to melt 
earlier than on exposed ground. Melting proceeds more gradually. 



Fig. 123. —View of a mountain slope in North Carolina, after the removal of the forest. 
In cutting such a forest enough young trees should be left to hold the soil and insure a new 
timber crop. (t7. S. Forest Service.) 


however, where it is retarded by the forest cover after warm weather 
begins. Thus, the water from the gradually melted snow is more apt 
to be absorbed, especially since the soil in forests freezes less deeply. 
Only the removal of the cover of vegetation and subsequent erosion 
reveal its beneficial effects. 

The cutting of the forest cover on a small watershed in Colorado, 
although in a region of coarse, permeable soil, increased the volume 
of silt discharge 8.5 times. Within 3 years after the brush cover on a 
canyon drainage in southern California was destroyed by fire, the soil 
lost 45 per'cent of its water-holding capacity. In Utah, the runoff after 
rainstorms on overgrazed land was seven times as great as on adjacent 












PLANT ECOLOGY 


246 

ar^as that were moderately and conservatively grazed^^^ Most of the 
worn-out lands of the world are in their present condition because much 
of the surface soil has washed away and not because they have been worn 
out by cropping. Under cultivation, the rate of erosion is often 
appalling. Certain Piedmont areas have entirely lost the 8 or 10 inches 
of topsoil within a period of only 30 years. Measurements in Missouri 
have shown that on a slope of less than 4 per cent, when plowed annually 
and cropped with corn, the surface soil to a depth of 7 inches is entirely 
removed in a period of 50 years.®^° The removal of the same thickness of 
soil in grassland would require thousands of years. Left to herself, 
nature brings about an adjustment between erosion losses, soil-forming 
processes, and the development of vegetation. It is only when man inter¬ 
feres that erosion becomes a seriously destructive force. 

Measurement of Runoff and Erosion. —It is manifest that all methods 
and installations for promoting conservation must be based upon the 
actual conditions at the outset and that this demands definite quantitative 
information of the processes concerned. Since cover is the major control, 
and hence the chief tool, experimental measures are essential to determin¬ 
ing the kind and amount of reaction for each community or often for a 
particular species. But conditions also vary greatly between different 
sites or terrains. The soil may range from rock or gumbo at one extreme 
to sand or gravel at the other; the terrain may be lev(d and smooth or it 
may be rough and slope at almost any angle, and disturbances of all 
kinds and degree may be superimposed upon soil or slope, tillage being 
the most import an t. 

Experimental plots are usually narrow rectangles in form, but they 
vary much in size in accordance with conditions and objectives. They 
may be as small as 3 by 33.3 feet and as large as acre; the three sizes 
at the erosion experiment stations are 6 feet wide and 36.3, 72.6, and 
145.2 feet long, giving 0.005, 0.01, and 0.02 acre, respectively.'^^**®^^ 
They are naturally placed lengthwise of slopes and enclosed by a frame 
of boards, or galvanized iron, sunken edgewise in the soil, or by cement 
walls. The area of cover selected should be as uniform as possible and 
sufficient in extent to permit duplication of each plot at the least, though 
triplicktes are better when man-power permits. Slope and soil should 
be essentially uniform and especially so when row crops or fallow are to 
be studied. The composition and density of the cover are determined 
by means of permanent quadrats to be charted or photographed and 
supplemented by clip quadrats in pasture or range. The reaction of 
different covers is measured and compared from the first year of installa¬ 
tion, but in many cases the plots are to be specially treated, and this 
renders it essential to make a preliminary run for 2 to 3 years before the 
several treatments are applied. In addition to the norm thus obtained, 
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it is necessary to include control plots for, comparison throughout the 
period of measurement. The equipment for measuring runoff and eroded 
material ranges from simple receptacles of galvanized iron placed below 
the plots to complete installations of intensity gages and concrete tanks. 

The rate and depth of penetration, as well as the increase in water 
content, can be determined with fair accuracy by means of soil samples 
taken immediately after a rain and at definite intervals. The usual 
method, however, is by means of lysimeter cans or larger wooden or 
concrete tanks, which measure both the runoff and the percolation water 
or “runout.” These are supplemented by phytometers with controls 
that permit the determination of transpiration and evaporation from 
the soil. The chief purpose of such an installation is to afford compari¬ 
sons of the reaction effectiveness of different covers, but it is also employed 
in connection with differences in soils, litter, rainfall intensity, etc. 

Reactions of Animals. —For the present purpose, it is sufficient to 
(ionsider the reactions of animals in land communities, which are due 
primarily to disturbance. The accumulation of bodies and excreta may 
play a large part in ponds and bogs, and doubtless is not without signif¬ 
icance in soils, but the effect is usually merged in the much greater one 
produced by plants. Disturbance regularly involves more or less coac¬ 
tion, often as the initial process, and hence reaction as a major feature is 
largely confined to burrowing animals, using this term in a wide sense. 

Burrowing forms are found in many groups, such as w orms, Crustacea, 
spiders, insects, and several orders of land mammals. The habit is 
almost completely lacking in birds, the burrow owl regularly being a 
tenant and not a builder. Moreover, burrowing becomes an important 
reaction only by virtue of numbers or social habit, as illustrated by earth¬ 
worms, ants, and certain familiar rodents. In this country, the most 
important burrowing reactors cornijrise the prairie dog, pocket gopher, 
ground squirrel, and kangaroo rat, all of them especially characteristic 
of grassland. In the aggregate, earthworms move enormous amounts 
of soil, at the same time improving the humus content and increasing 
the porosity, but the value is hissened by the general abundance of cov^r 
and litter in their haunts. By contrast, the influence of ants is more or 
less unfavorable to penetration, especially for those that build large hills 
in a considerable clearing. 

With respect to rodent borrowers, there is some difference of opinion 
concerning their reactions.It is evident that they serve as cultivators, 
moving or mixing the soil of different layers, working in plant materials 
and adding excreta, and improving the air and water relations in general. 
The doubt is raised in connection with the mounds of loose material and 
the underground tunnels in relation to runoff and erosion. It is natutal 
to assume that the loose soil is added to the material sw^ept from the sur- 
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face and that the holes and tunnels initiate gullies. However, instances 
of the latter appear to be exceptionally rare and hence negligible, while 
the effect of the mounds is rather to increase penetration and reduce 
runoff. When they occur in abundance on steep slopes, such mounds 
often form a fairly definite pattern of terraces, with a corresponding 
retarding effect upon runoff and erosion. However, in such concentra¬ 
tions it is probable that the benefit is more than counterbalanced by the 
forage consumed. 

Man as a Reactor. —Practically all kinds of disturbances wrought by 
man comprise both reaction and coaction. However, in the case of fire 
or lumbering, coaction is direct and purposeful, while reaction may follow 



Fiq. 124.—Dust cloud rolling over a west-central Kansas town, 1935. {Photograph, by 

Potter.) 


as the primary objective or it may be merely incidental. In the breaking 
of prairie for crops, reaction is the immediate process and coaction in 
terms of destruction, though simultaneous, is only an incident. This is 
largely true also of the building of roads and railways, but the prepon¬ 
derance of reaction is seen particularly in major engineering structures, 
such as canals, reservoirs, levees, etc. Draining and impounding involve 
a double reaction, first through construction and then by changing the 
water relations, which leads to the destruction of the existing vegetation. 
Grazing resembles fire and logging in being a coaction, and like them 
also, it may lead to reaction in some form and degree. 

Whatever the process and the respective roles of coaction and reaction, 
the final result of man’s activities has been to bare the surface of the soil 
more or less completely and thus provide opportunity for restoring the 
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cover through the agency of succession. But this gets under way slowly, 
while destructive processes do not wait. Moreover, cultivation is 
repeated from year to year, overgrazing becomes cumulative, and fire 
recurs frequently, with the consequence that succession cannot start or is 
soon halted and destruction becomes more or less continuous or recurrent 
(Fig. 124). The damage once done, it can only be repaired by man 
turning to the use of coaction and reaction for constructive rather than 
destnictive effects. Often this involves no more than a minor change in 
practice, such as plowing on the contour, leaving the stubble on the 
ground, or the application of an old method to a ne>v situation, such as 
terracing in fields or furrowing in pasture. 

AIR REACTIONS 

The cover of vegetation reacts in some fashion upon-all the physical 
factors present in the air, exerting its greatest quantitative effect upon 
light and the least upon composition. While there is considerable differ¬ 
ence in the amount of oxygen and carbon dioxide in soils, both movement 
and diffusion in the air are such that the variation is slight, with occasioinal 
exceptions near the ground in dense cover. By contrast, the reduction 
brought about in light intensity may reach a thousand-fold, but this is 
primarily concerned with plant response and hence is discussed in the 
appropriate chapter. For the present purpose, the fac^tors of chief 
importance are wind in relation to erosion and deposit, and the combina¬ 
tion of humidity and temperature in connection with transpiration and 
evaporation, in tilled fields especially. The immediate reaction is upon 
wind and the water relations are then modified in consequence. 

Reaction upon Wind. —It is a well known fact that vegetation acts as 
an obstacle to the movement of air, retarding or deflecting it and hence 
modifying its effects. Such a reaction is most evident within forest or 
thicket, or in the lee of trees or tall shrubs, but it is found also in grassland 
to a high degree and even in the short-grass disclimax there is comparative 
calm at the surface of the ground. Simultaneous readings of anemom¬ 
eters in the mixed prairie gave the following velocities for a pure stand of 
western wheat grass {Agropyron smithii) 2.5 feet tall: at 3 inches (ane¬ 
mometer on ground), 0; at 1 foot, 225 feet per minute; at 5 feet, 1,500 feet 
per minute. For blue grama {Boutehua gracUis) 8 inches tall, the read¬ 
ings were 60 feet per minute on the ground; for grama-buffalo grass, 6 
inches high, 75 feet per minute at the surface; and for scarlet mallow 
{Malvastrum coedneum) 6 inches tall, 180 feet per minute. The mid 
grass, owing largely to the dense stand of its sod form, eliminated move¬ 
ment at the surface of the soil in a wind of approximately 18 miles per 
hour. The short grasses reduced it to approximately one twenty-fifth, 
and even the perennial forb to about one-eighth, indicating that the 
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annual weeds of the subsere have great value in holding the surface of the 
soil against the force of the wind. In none of the areas could any 
movement of soil particles be detected. 

The reaction that cover exercises upon wind in slowing its speed so 
that it is unable to pick up dust or roll sand along is equally effective in 
causing it to drop the load it carries.^®*^’^ In consequence, every collec¬ 
tion area where the wind is actively eroding is matched in the direction 
of movement by one of deposit in which cover, and sometimes other 
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Fig. 125.—Dune mile long blown from field sown to u row crop; the collection area is 
disked to prev^t further blowing; "Dust Bowl”, Dalhart, Tex. {Photograph hy C. J. 
Whitfidd, courtesy of U. S. Soil Conservation Service.) 

obstacles, catches the load and begins to build dunes of sand or topsoil. 
Once started, such dunes will continue to grow through wind action alone 
to considerable and sometimes great heights, wherever there is a con¬ 
tinuous supply of material from a bare area, especially during drought 
periods (Fig. 125). In fallow or abandoned fields, the characteristic 
process is one of drifting, in w^hich fence rows and roadsides often take 
such an active part as to become more or less buried. Unlike most 
forbs, tumbleweeds and Russian thistle in particular break off and roll 
away to turn fences into barriers that are then overwhelmed by sand. 
Snowbreaks along railways and highways often encounter a like fate, and 
low windbreaks are not infrequently submerged in silt (Fig. 126). 

The most important features of cover in producing an effective reac¬ 
tion upon wind are density, height, and life forms, a much-branched shoot 
often compensating for density in terms of stems. Roots are in general 
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less effective than in erosion by water, but the ability of crowns !i«id root¬ 
stocks to send up shoots when buried is of much importance. Perennial 
or woody stems are most efficient by virtue of persisting throughout the 
year and of these, evergreens or conifers take the first rank. However, in 
grassland, dead cover is nearly as effective in reaction as the living, and 
this is measurably true of dense stands of weeds, apart from Russian 
thistle. It is obvious that the height and density of grasses and forbs 
will vary greatly from wet to dry seasons and that a reaction sufficient 
during the one will become inadequate in times of serious drought. How¬ 
ever, this is true only of the earlier stages of the subsere in abandoned 
fields, since a grass cover is rarely if ever overgrazed to the point of per- 



Fig. 126 .—Fence buried by drifting top soil, Burlington, Colo. 


mitting material erosion by the wind. Even in sand hills, serious blowing 
is usually confined to small areas of concentration about windmills, 
corrals, feeding grounds, etc. 

Reaction by Windbreaks.—Groves, woodlots, hedges, and windbreaks 
are all essentially artificial communities of tr^ or shrubs, and a shelter 
belt is little more than a planned series of windbreaks. The reactions 
produced are the same in quality for all, and they differ in quantity in 
accordance with height, width, density, and composition. The influence 
upon air factors within the community is practically identical with that 
of a forest in so far as the canopy is closed. Light, temperature, and 
humidity are much modified in the well known manner, and such com¬ 
munities provide shelter against heat in summer and cold in winter, just 
as native woodland does. However, their most important reaction is to 
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break the force of the wind, i.c,, reduce its velocity to the point where 
it no longer endangers crops through excessive transpiration and evaporsi- 
tion. Windbreaks may also exert a beneficial reaction in connection 
with the drifting of soil or of snow, but for such purposes care must be 
taken to locate them at the proper distance, in order to prevent blowing 
or harmful deposit. 

The distance at which windbreaks produce some helpful action upon 
velocity and hence upon crops differs widely with the observer, ranging 
from about 5 to 40 times the height of the trees.^®-^®® This discrepancy 
appears to be due partly to the kind of measure used, whether physical 
factors or crop 3 delds, the latter being much less dependable, and partly 
to the end point. The best studies indicate that a tangible reaction 
rarely extends to 20 times the height of the windbreak and adequate* 
effects are usually restricted to 5 to 10 and less frequently to 15 times 
its height. At the maximum effect, evaporation may be reduced as 
much as 70 per cent at a distance of 1 to 2 times the height of the wind¬ 
break, but with a wind of 15 miles per hour, it averages 15 to 20 per 
cent reduction. With respect to temperature, the daily range is about 
9 per cent greater in the protected zone, but it is doubtful wheth(*r this is 
more often beneficial than otherwise. Humidity seems to be litth* 
affected in the leeward belt, and the major ultimate effect of a windl)reak 
is the conservation of soil-water content in the protected area beyond the 
tree roots. The undesirable effects consist in the reduction of soil water 
by the roots in this zone and the decrease in light intensity in the shadow 
cast by the trees. Species differ much in relative extent of roots and 
consequent sapping action; the distance for cottonwood has been found 
to be little more than the tree height, while for osage orange it was half 
greater, and for mulberry twice as great. The amount of light lost to 
crops was about twice as great on the north side for osag(‘ orange and 
honey locust as for cottonwood, as it was also for the north side in (*om- 
parison with the south. The damage to com in the different situations 
ranged from 51 to 103* per cent, with an average of 70 per cent; for wheat 
the range was 121 to 146, and the average, 134.^® 

Grain crops in Russia were larger under protection of windbreaks 
during extreme seasons, but were sometimes reduced in average ones. 
During years of drought, wheat yields in the steppe were increased 
approximately 2 to 8 bushels per acre by protection, oats 12 to 29 
and rye 4 to 12 bushels.^^* In California, fully protected orange groves 
produced 13,200 pounds per acre in contrast to 10,640 pounds for partly 
protected ones, and the value of the fruit per acre was, respectively, 
$507 and $271.®®' 

* Where the percentage of damage exceeds 100, it means that the loss of crop 
was greater than the yield of a strip whose width is equal to the height of the trees. 
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Finally, the major reaction of wiiidbrea/ks in reducing velocity bring» 
about a better distribution of snow and correspondingly improves the 
water content. In addition to their effect in causing the deposition of 
loads of dust is the more important one of preventing blowing and conse¬ 
quent drifting within the zone of reaction to the leeward. Moreover, 
evaporation from reservoirs is materiaUy reduced, a benefit that may figure 
largely in future conservation in the Great Plains especially. 

Reaction and Rainfall.—Transpiration returns a stupendous amount 
of water vapor to the atmosphere during the growing season. The 
magnitude of this reaction depends directly upon the kind of vegetation 
and indirectly upon climatic conditions, especially rainfall and evapora¬ 
tion. Forest naturally makes the largest contribution, amounting in 
some cases to nearly twi(‘e the loss from a free water surface, but true 
prairie and many field crops approach it in this respect. 

Forests transpire enormous amounts of water. An acre of mature 
oak trees absorbs 2,000 to 2,600 gallons per day. The large amounts 
of water transpired by forests contribute somewhat toward increasing the 
moisture content of the atmosphere above. Heii(H>, the air over forests 
contains a much larger amount of moisture and is consequently cooler 
than that over a bare area or om* covered with herbaceous vegetation. 
If all the moisture given off by the forest could be made visible as a fog, 
heavily forested areas would appear enveloped by a damp mist, more 
dense over coniferous than ov^er broadleaf forests. The (condensation 
of vapor on the surface of leaves as dew or hoarfrost is much less than an 
inch per year in northern latitudes but incncases in southern latitudes 
and esp(?cially in tropical forests. In damp, tropical foncsts, so much 
moistun? is condensed that during clear, still nights drops of dew' fall 
continuously from the leavics as in rain. A similar phenomenon occurs 
in the redwood belt on the Pacific Coast. 

From the above it is fairly probabh^ that forest transpiration 
furnishes some part of the moisture for regional or local rainfall, and 
that grassland and cropland play a similar if somcewhat smaller role.'®’ 
From this assumption have followed two intenjsting conclusions. One Is 
to the effect that the planting of forests incretises precipitation, and the 
other that breaking the prairie and sowing crops has a like influence. 

The latter is now known to be a mistake, as proved not only by rainfall 
records but especially by the fact that the transpiration from crops is 
little if any greater than from the undisturbed prairie. With respect to 
reforestation, the inference is logical and there is some evidence to support 
the idea of a rainfall increase. However, in regard to forest planting 
in a grassland climax and climate, it is highly improbable, owing not only 
to climatic limitations, but especially also to the fact that such areas are 
necessarily small and local. This is particularly true of groves snd wind- 
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breaks, and hence of shelter belts, which at the most cover but 1 to 2 per 
cent of the surface and consequently exercise no material effect over the 
region as a whole. In fact, it has been supposed that the removal of 
eucalyptus forest in Australia and its replacement by grass and crops has 
increased the rainfall.^** 

A Study of Reactions.—Make a study of an area where forest or scrub has replaced 
grassland or where the reverse change has occurred, as a result of cutting or fire. 
Make a detailed list of the various kinds of reactions that have occurred as a result of 
the change in plant populations. A similar study of grassland and cultivated fields 
of maize or wheat may also be made.*®** 



CHAPTER X 


COACTION AND CONSERVATION 

General Relations.—^The primary relation between plants and animals 
is that of the food supply. This arises from the fact that plants manu¬ 
facture practically all the food used by the world of organisms and in so 
doing provide most of the materials and shelter utilized by animals. A 
direct outcome of this is the necessary association of animals with plants 
in the same community, out of which springs a multitude of interactions.”* 
Plants constitute the permanent basis of the biotic community on land, 
not merely because they are stationary, but especially because of their 
direct relation to the environment or habitat. They are subjected to the 
immediate action of the latter, and, in turn, they exert a marked effect 
or reaction upon the habitat. By contrast, animals are more dependent 
upon food supply and cover than upon physical factors, and hence their 
most striking relations are with plants. These are termed coadions and 
together with the action of the habitat upon organisms and the reaction 
of the plants upon the habitat make up the three major processes of every 
community. 

While the number of concrete coactions in any community is limited 
only by the number of species and individuals in it, these fall into but a 
few categories. From the standpoint of the organisms concerned, 
coactions may exist between plants, between plants and animals, and 
between animals, man, of course, to be included. In the present instance, 
the concern is chiefly with those between plants and animals, where the 
universal relation is that of the food supply. Growing out of this is the 
coaction of shelter and of materials and a more general one of contact or 
disturbance, such as is seen in the trampling of herds or the carriage of 
fruits by attachment. Coactions may be mutually helpful, as in pollina¬ 
tion or in the carriage of fleshy fruits, or they may be antagonistic or 
injurious to one of the organisms, as exemplified by grazing animals, 
parasitic insects, or bacteria. 

Utilization and Conservation.—^The activities of primitive man were 
much like those of other omnivorous animals, and it was not until he 
began to graze cattle and till the soil that distinctive coactions appeared. 
With the appearance of the nomadic stage, however, the utilization and 
consequent destruction of plants and animals have gradually spread over 
the (^obe and have become so wasteful as to force him to a new and 
constructive set of activities known as conaemUion.*^^ In short, he has 
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reached the point where destruction must be halted or at least counter¬ 
balanced by changed practices, or where some degree of restoration of 
original conditions must be brought about. It has been shown in the 
previous chapter that destruction often involves reaction as well as 
coaction, and it is likewise true that conservation must combine both of 
these processes in the proper degree. 

In nature especially, the numerous coactions of the plants and animals 
of a community form an intricate network of processes, most of them still 
awaiting detailed study. In consequence, it proves desirable to select for 
treatment a few outstanding examples as representative of the various 
types. Such are pollen, seed, and other food coactions on the one hand, 
and on the other the disturbances caused by man direc^tly or indirectly, as 
seen in clearing, lumbering, overgrazing, cultivation and construction, 
or in changed populations of animals, such as game, predators, rodents, 
fish, or insects. 


POLLINATION 

One of the universal coactions of plants and animals is that exhibited 
in pollination, i.e., the transfer of pollen from the anther to the stigma. 

Significance and Methods. —^The retention of the macrospore on tlie 
sporophyte, an advance characteristic of the flowering plants in contrast 
to the existing ferns and fernworts, made imperative some method of 
transferring the pollen grain or microspore. The open pistils of pines 
lent themselves to the transport of pollen by the wind, but the closed 
pistils of true flowers seem to have been dependent upon insect pollination 
from the first, since nearly all simple flowers exhibit this method. In 
fact, this coaction is so fundamental and so completely reciprocal as to 
have had a large share in the evolution of both flowers and insects. Its 
importance, however, does not rest so much upon the structure of flowc] s 
as upon the nature of fertilization itself. 

Since nearly all flowers with corolla possess both stam(;ns and pistil, 
it would be expected that the pollen would fall directly from the anthers 
upon the stigma to produce pollination. This is so simple and yet so 
rare that it can be explained only by some fact of the first importance. 
The explanation was long ago supplied by Darwin,who demonstrated 
by experiment that the best seeds and most vigorous offspring resulted 
from the transfer of pollen from one flower to another or, better still, 
from one plant to another. It is obvious that pollination takes place 
only by this method in all monoecious and dioecious plants, while in 
perfect flowers the same result is secured by having the anthers and 
stigmas mature at different times. 

Arrangement of Stamens and Pistils. —Since the transfer of pollen 
from anther to stigma is imperative if fertilization is to ensue, the relative 
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position and development of stamens and pistils become matters of great 
import. They not only affect the method of transfer but also determine 
the kind of fertilization that results. In the great majority of cases, 
stamens and pistils occur in the same flower, which is then said to be 
perfect {monoclinic plants). With wind pollination especially, the 
stamens and pistils are in different flowers {diclinic), and these may be 
borne on the same plant {monoecious) or on separate plants {dioecious). 
In perfect flowers, the overwhelming rule is for anthers and stigmas to 
mature at different times {dichogamy), with the result that self-pollination 
becomes difficult or impossible. The anthers may shed their pollen 
before the stigma becomes receptive {protandrous), or the stigma may 
ripen first {protogynous). Flowers regularly open before or upon the 
maturing of anthers or stigma, but sometimcvs they remain partly or 
completely (;losed as in certain violets {cleistogamous) and must then be 
self-pollinated.^®^ 

Production of Pollen and Nectar. —The total amount of pollen pro¬ 
duced by a species is determined by the number of flowers and stamens, 
and by the size of anther and pollen grain, as well as by the number 
of plants in a particular community. As a general ruUs tJie amount of 
f)ollen produced incn^ases with the danger of loss. Pollen grains are 
exposed to the double risk of injury by w(?ather and loss in transit, 
espcH'ially in transfer by wind.^"^- Furthermore, they are often used for 
food by insect pollinators, and the number of grains actually transported 
may then be very small. Quantity production of pollen is attained 
in simi)lo open flow^ers, such as those of the buttercup, anemone, and 
straAvIjcrry, by^means of a large number of stamens, and this compensates 
the lu'avy loss arising from the visits of pollen-seeking insects. Among 
the vvind-pollinated plants the greatest loss occurs in the dioecious trees, 
such as cottonwood and ash, and such monoecious conifers as the firs, 
in wliich the pistillate cones are above the staminate ones. The need 
of compensation for loss under such conditions is very great and the 
amount of pollen required is enormous. In many trees, this waste of 
pollen is offset by the production of a vast number of small flowers, arid 
especially of reduced ones in which the stamens have been emphasized 
at the expense of sepals, petals, and pistils. This process is still in 
operation in the various species of maples, which range from perfect 
flowers with all four parts to the greatly reduced ones of the dioecious 
box elder. 

Among the insect-pollinated flowers, the number of stamens and, 
hence, the amount of pollen produced decrease as the method of pollina¬ 
tion becomes more and more perfected, and also the number of flowers 
is often much reduced. Simple or primitive flowers may have several 
hundred stamens, but with increasing specialization of the flower for 
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poUinaciou the number drops to ten, five, and even one. In a large 
number of irregular or zygomorphic flowers, the stamens are but four or 
two and in the majority of the orchids but a single one (Fig. 127). 

The production of nectar varies from species to species within limits 
almost as wide as those for pollen. While, however, the amount of 
pollen is fixed for each flower and, hence, to a large degree for the species 
concerned, the nectar flow fluctuates from season to season, day to day, 
and even hour to hour in some plants. It is directly influenced by the 
growing conditions for the season and often exhibits a distinct daily 
rhythm. This is so marked in such plants as the buckwheat that they 
are visited by bees only during the hours of the so-called flow. In many 
species, nectar is produced more or less constantly as long as it is removed. 
It accumulates when visitors are few or absent, but to very different 



Ftg. 127.—ExtremeH of pollen production. 1, an orchid {Orchis); p, pollen mass in 
anther cell; r, retinaculum; a, stigma. 2, a baobab flower {Adanaonin) with a column of 
stamens. (1, after LcMaout and Deaiiane; 2, after Baillon.) 

degrees, depending upon the activity of the nectar glands, the size of the 
flower, and the nature of the plant. In some instances, the nectar is only 
a layer or droplet on a tiny nectar pad, while in others the nectary 
may consist of a long tube or spur with se veral cubic centimeters of nectar 
in it. 

Protectioii of Pollen and Nectar. —^The modifications that protect 
the pollen serve likewise for the nectar, though the latter may also 
be guarded by a special device of its own. In many instances, the 
protection afforded is secondary, the feature concerned having been 
developed primarily for other reasons, but the most striking devices 
serve directly for protection. The latter is exerted chiefly against 
the danger of wetting the pollen by rain or dew and the dilution of the 
nectar, though the nectar may also be guarded against marauders. 
Pollen is rarely if ever protected against loss or waste by visitors, since 
its free exposure promotes pollination and is offset by the large amount 
available. 


\€0ACTION AND CONSERVATION 259 

The damage due to wetting is chiefly seen in the loading and trans^ 
port of the pollen, though this may sometimes be injured by premature 
germination. Wind-pollinated species usually escape both handicaps, 
since the small flowers dry readily, as a rule, and the anthers are, for the 
most part, hung out for shedding during favorable weather. The 
extent to which bees are discouraged by dilute nectar is uncertain; 
at any rate, they return promptly as soon as the flowers are sufficiently 
dry to be profitably visited. 

The devices that serve to protect pollen and nectar are of three 
kinds: (1) morphological, (2) mechanical, and (3) seasonal. The first 



Fio. 128.—Protection of pollen by the form and position the flower in the l>earberry 

{Ardoataphyloa uva-nrai). 


and third seem to accomplish protection incidentally, while devices of the 
second type probably owe their existence to the necessity for protection. 
Morphological contrivances are purely structural or positional; to the 
first belong all those in which protection results from the structure or 
shape of the flower or its parts, or the flower cluster. Protection in 
consequence of the position of the flower or cluster occurs in a large 
number of species in which the face is turned downward or the tubular 
corolla is horizontal or drooping (Fig. 128). Mechanical devices com¬ 
prise movements of the flower or its parts, or of the inflorescence. In 
most cases, protecition results from the closing of the corolla, more 
rarely from that of other flower part.s or in composites from the move¬ 
ment of the ray flowers and bracts (Fig. 129). It may also be secured by 
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the bending or drooping of the flower stalk or the stalk of the entire 
cluster. Movement is most rapid and conspicuous in day bloomers and 
night bloomers, while its value for protection is greatest in ephemeral 
flowers, which usually wilt and close a few hours after opening. Day 
blooming and night blooming bring about the eff(ictive protection of pollen 



during the time when it is not being removed and may be injured, though 
the habit probably bears a more important relation to insect visits. 

The Life History of a Flower. —All of the flowers of a plant exhibit 
the same behavior, which is characteristic of each species or often of the 
entire genus. This is made up of a round of changes that begin with the 
bud and continue their orderly progress until the fruit ripens or the seeds 



Fig. 130. —The pollination story of the timothy {Phleum). {Drawn hy Edith S. Clements.) 


are freed. Practically all of these are concerned with the details of the 
task of promoting cross-pollination or of securing self-pollination when 
heeded and of protecting pollen and nectar. Such a round of life may 
consist of little more than opening the flower, shedding the pollen, and 
ripening the stigma, or it may embrace a score of changes and move¬ 
ments in which all the flower parts take a share. It stands in the most 
intimate relation to the actual work of pollination by insects and largely 
determines the number and effectiveness of the latter as coactors. 
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The life history of a wind-pollinated flower is simpler than that of 
those pollinated by insects, though it often comprises a number of stages, 
as is shown by timothy (Fig. 130). In the geranium (Fig. 131), it is 



Fitj. 131.—The life history of a geranium flower {Gt’ranium). {Drawn by Edith S. Clements.) 


more complicated, while the fire weed probably exhibits a maximum 
number of stages (Fig. 132). In addition to the movement of the bud 



Flu. 132.—The pollination story of the fire weed {Epilohium). {Drawn by Edith 8. Clements.) 

into the horizontal position and those of the maturing fruit, the group of 
stamens and the style uniformly pass through a regular sequence of 
changes. The minor details of the behavior may be modified by water 
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and heat relations, rain and cold delasdng the process or warm weather 
hastening it, with a corresponding effect upon the rate of development.^*^ 

The Round of Life of a Flower.—Label five well developed buds of one plant by 
means of small tags and follow their development as far as the young fruit, recording 
the changes in growth and position and the behavior of the four parts at some time 
between 6 to 8 a.m., 12 to 2 p.m., and 5 to 7 p.m. This is usually best carried out 
by a cooperative group of students. 

Kinds of Pollination. —When pollen is deposited on the stigma of the 
same flower, the latter is said to be self-pollinated, and the process is 
termed autogamy. If the transfer is from one flower to another, cross- 
pollination or allogamy takes place. Most species of perfect flowers are 
modified in such a way as to give a decisive preference to cross-pollination, 
but many of them may be self-pollinated when necessary. It is obvious 
that diclinic species, in which stamens and pistils are found in different 
flowers, are susceptible of cross-pollination alone. When anther and 
stigma are present in the same flower but ripen at different times, as in 
dichogamy, cross-pollination is an all but universal result and self-pollina¬ 
tion is a rare occurrence. The latter is frequent, however, if not regular 
in homogamous flowers in which anthers and stigma mature simultane¬ 
ously and can alone take place in all closed or cleistogamous ones. Self- 
pollination is the invariable rule in a relatively small number of plants 
which are apparently well adapted to the transfer of pollen, and such cases 
throw some doubt upon the accepted view that cross-pollination neces¬ 
sarily produces better offspring. 

Many devices have been thought to insure self-pollination when 
allogamy fails for any reason, and careful observation shows that these do 
bring anther and stigma into contact in most instances. Their effective¬ 
ness, however, is usually small and often lacking, in consequence of the 
earlier removal of all the pollen or the drying of the stigma. Even when 
flowers are covered to prevent these consequences, it has been found that 
the setting of pods and production of good seeds are more or less diffi¬ 
cult, in native species at least. 

Cross-pollination has been distinguished as geitonogamy when it 
concerns two flowers of the same plant and as xenogamy when the transfer 
is between different plants. The latter has been supposed to be more 
advantageous in the production of vigorous offspring, but this view 
needs further experimental test. It is a logical inference from the work 
of Darwin, which showed that cross-pollination yielded better results, 
and is likewise supported by the remarkable vigor of many hybrids. 
Hybridization itself results from the cross-pollination of two varieties 
or species and has yielded a myriad of new species and forms in field 
and garden. A special investigation to determine its role in nature 
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indicates that it is rare, but this is an assumption to Ikj tested in many 
different floras. 

Agents of Pollination. —Pollen is transported by animals, by wind, 
and by water. The last is unimportant, since it concerns but a few 
submerged aquatics,the great majority of hydrophytes being pollin¬ 
ated by the wind. In temperate and boreal climates especially, wind is 
the agent utilized by the large majority of trees and shrubs, by practically 
all grasses and sedges, and by many other herbaceous species wdth incon¬ 
spicuous flow'ers. Wind-pollinated species regularly produce enormous 
amounts of pollen and possess some device for sifting this out on the 
wind, such as the hanging catkins of poplars and birches or the slender 
filaments of plantains and grasses. Styles and stigmas have })een corre¬ 
spondingly modified for catching wind-borne pollen and have increased 
the receptive surface to the maximum, usually taking a bushy form but 
sometimes becoming long threads, like the “silk ” of corn. This emphasis 
upon filament and stigma has been a(‘.companied by the dwindling of the* 
corolla, and, in consequence, most wind-X)ollinated flowers are small and 
inconspi(^uous. 

Among animals, insects are the chief i)ollinators, though a similar 
role is assumed by hummingbirds, and, in the case of cultivated plants 
(\specially, man plays a significant part. Any insect that works in or 
among flowers may become a pollinator, but as a regular activity, pol¬ 
lination is carried on by a ftm^ groups. The tees and their relatives 
are by far the most important,®^® followed by the butterflies and bee 
flies and at a much greater distance by the beetles. Bumblebees and 
lioiieybees are the most numerous and efficient, the honeybee outranking 
all other species in industry and intelligence.^®^For sheer efficiency 
the hummingbird is probably without a peer among j^ollinators, but it is 
excelled by the bees in number and esj^ec^ially in the range of flowers 
visited. Orioles and other birds are known to visit flowers occasionally; 
some tropical flowers are pollinated by bats, and a few of the arums by 
snails (Fig. 133). 

Attraction of Insects by Flowers. —It has long been recognized that 
insects are attracted to flowers by (;olor, form, and odor as well as by 
nectar and pollen, but there has been much diversity of opinion as to the 
relative importance of the first three factors. It is difficult to discrimi¬ 
nate between them by observation alone, wdien all three are present in th 
same flower, and consequently it becomes necessary to resort to experi¬ 
ment, by which each can be employed separately. A large number of 
experimental studies have been made during the past 50 years, and these 
have recently been compared and summarized in the light of a compre- 
lien.sive investigation dealing with many species of flowers and insects 
In nature.'®^ The conclusion has been reached that in the honeybee the 



Fia. 133.—Flowers and their visitors. (1) Ruby-throated hummingbird and humming¬ 
bird trumpet; (2) blue sage pollinated by bee; (3) snapdragon; (4) beo escaping from pouch 
of lady's-slipper and rubbing against an anther; (5) butter-and-eggs; (6) yucca flower being 
pollinated by pronuba moth; (7) sphinx moth with long sucking tube; (8) bee on flower 
of horse chestnut; (9) beetle on tway blade; (10) honeybee in violet; (11) leg of bee with 
pollen basket; a, empty; h, loaded with pollen. {Adapted by Edith S, Clements.) 
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attraction exerted by color and form is about four times greater than that 
of odor, nectar, and pollen combined. It is possible that the influence of 
odor is somewhat greater in those flowers with a marked perfume. 

In general, it seems to be well demonstrated that odor is the attractive 
feature for distances of more than 10 meters, color in mass for intermedi¬ 
ate ones, and color and form in detail within 2 meters or so, depending 
greatly upon the size and color of the flower or cluster. For the majority 
of flowers without a marked fragrance, odor can be effective only near at 
hand. In the midst of a group of plants or of flowers, odor can exercise 
little influence. It is not only general in such instances, but it is also most 
powerful at th(^ flower or cluster on which the insect is working. Siich 
conditions do not permit it to go straightway and without he;sitation to 
the next flowe r or head, and guidance by color and form alone can explain 
the assured and rapid flight of bees in the midst of flowers. 

Since the senses of sight and smell differ greatly in the various groups 
of insects, the relative* importance of the three attractive factors will be 
modified accordingly. On the basis of their behavior, bees have the best 
vision, follow(^d in order by bee flies, butterflies, moths, and beetles. 
Be(*ause of the veny different structure of the eye, hummingbirds evi¬ 
dently discern flowers at a distance of 100 yards or more and masses of 
bloom at nui(;h greater distances. On th(^ other hand, it appears proba¬ 
ble that fi(‘lds of buckwheat, alfalfa, or mustard can be located by pol¬ 
linators a mile or more aw ay by the odor alone. 

Experimental Pollination.—In the experimental study of the relation 
betW'oen flowers and insects, it is necessary to observe in detail the round 
of life of each flower and the beliavior of the important pollinators that 
visit it. With tins as a background, it is possible to fashion a variety of 
experiments to determine the effect of color, form, and odor, the competi¬ 
tion between insects for flowers and between flowers for visitors, the 
efficiency of different species, their learning capacity, power of memory, 
and intelligence. Among the effective devices employed are the mutila¬ 
tion of flowers by reducing or removing parts, the addition of parts, 
artificial flowers, painting natural flowers in various colors, adding odor 
)r nectar, masking odor or parts, and direct experiments with color, 
orm, or odors. The efficiency of flowers in dusting bees with pollen, 
)f the bees in transporting loads, and of flowers again in securing effective 
leposit on the stigma have all been studied experimentally. 

Changes in the position of flow'er present new problems in landing 
o the \dsiting insect, especially in the case of inversion, but these are 
olved with more or less readiness, the time required depending chiefly 
pon the shape of the flower and the kind of visitor. The consequences 
f increasing the attractive surface of the corolla or of reducing it by 
lutilation art*, much more striking. Splitting the hood of monkshood 
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(Aconitum) and turning the sepals back rendered such flowers more than 
four times as attractive as the normal ones. On the other hand, cutting 
away half of the corolla reduced its effectiveness to one-half or even to 
one-tenth in practically all cases and demonstrated the paramount 
importance of the corolla for attraction. When both lips were removed 
in the wild bergamot {Monarda), the number of visits was a twentieth of 
that for flowers with the upper lip removed and a tenth of that for 
those with the lower lip cut off. The removal of the petals in the gera¬ 
nium usually reduced the visits to zero, while cutting them to half their 
length diminished visitors in proportion. 

Natural flowers painted with water colors have been found to be 
about five times as attractive as artificial flowers made of paper. The 
latter were visited about a fifth as often as the normal flowers, though 
much depends upon the closeness of the resemblance, some investigators 
obtaining abundant visits to them. In general, honeybees are more 
discriminating than bumblebees, though individual differences are 
considerable in both. As to colors, blue was regularly preferred to all 
others, red being the least attractive. 

Attraction and Guidance of Visitors. —In the uase of regular flowers such as the 
goraniiiin, remove the petals from several, cut them to half the normal length in an 
equal number, and employ the same number of unmutilated blossoms. Record the 
number of visits during a unit period to each and estimate the value of the corolla. 
Cut off one or both lips of an irregular flower and note the effect upon the; visiting 
insects. Place flowers in inverted or other unusual positions and note the behavior 
of the visitors. 

Competition for Visitors. —Many suggestions as to th(' relative 
effectiveness of different species in terms of attraction can be obtained by 
observing the behavior of visitors to a mixed group, but experiment 
is indispensable to definite results. These cannot be secured by placing 
the flowers of two or more species side by side, since bees, in particular, 
pay little attention to artificial groupings. In consequence, it is neces¬ 
sary to fasten an equal number of competing flowers on another plant 
and desirable, also, to make a similar reciprocal installation on the 
other species. This is due to the fact that the most intelligent species of 
pollinators have learned that they w'ork most rapidly and effectively by 
devoting themselves exclusively or nearly so to the species with the 
greatest honey flow at the particular time. Young bees and very old ones 
are much less methodical than workers in their prime, and butterflies are 
even more easily turned aside in their quest. While installations for 
conclusive results require time and care, however, much information as 
to the habits of insect visitors and the attractiveness of different flowers 
may be obtained by placing bouquets of one species in the midst of the 
plants of another. 
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Competition for Insect Visitors. —Select a plant that is being abundantly visited 
and place among the flowers an equal number from a plant that differs conspicuously 
in the color, size, or structure of its flowers. Record the number of visits made to 
each species by the various kinds of visitors during a period of 10 to 30 minutes. 

The degree of constancy shown by each pollinator can be determined 
by the composition of the pollen loads carried by bees, the pollen grains 
of the various flowers being readily recognized under the microscope. 
During the maximum period of flowering of the raspberry {Ruhus 
deliciosus), the loads of 22 honeybees contained the pollen of this species 
alone; after this time the loads were obtained from six different species, 
though in all but one instance it was 99 per cent pure. Among bumble¬ 
bees the constancy was less, but even here it was not lower than 90 per 
cent as a rule. 

SEED PRODUCTION AND DISTRIBUTION 

In the production and distribution of seeds, animals usually play an 
important and often a controlling part. Hence, this is a coaction of 
primary importance in a study of vegetation. 

Seed Production.—Under the usual conditions, the number of seeds 
produced by an insect-pollinated species depends chiefly upon the 
success attained in pollination. The abundance of each species, as well 
as its survival, is determined primarily by the number of seeds that 
germinate and seedlings that become established. At each step in this 
fundamental process of ecesis, animals enter the situation and their 
coactions largely or wholly determine the number of seeds av ailable, 
their dissemination, and the final fate of seedling or adult plant. Insect 
parasites destroy large numbers of seeds and fruits before they mature, 
and a similar effect is exerted by some birds, such as the nutcrackers and 
jays. In general, much greater destruction is wrought at the time the 
seeds are ripening or after seed or fruit has left the parent plant; birds, 
rodents, and man each having an especially decisive share in this.®®^ 

It has been found that in some regions practically all the seeds of the 
limber pine are eaten out of the cones when still green, while in forests 
of lodgepole pine the toll of cones and seeds taken by birds and rodents 
is so complete that reproduction rarely occurs until a fire has driven the 
animal population out. A single kangaroo rat may store as much as 
a bushel of grass fruits in its burrow, and harvester ants may gather 
all the fruits of desert grasses over considerable areas. So great is the 
consumption of seeds in many species, and trees especially, that adequate 
reproduction is possible only during years in which climatic and growth 
conditions cooperate to produce a crop much beyond the needs of the 
animal members of the community. Such seed production is a conse¬ 
quence of the climatic cycle and marks a maximum phase of the food 
cycle, which, in its turn, is reflected in a population maximum. 
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Seed Distribution. —The dissemination of seeds by animals and man 
may result from each of the four major coactions, viz.y food, material, 
shelter, and contact, but it centers about the first, with the last second, 
perhaps, in importance. Among those seeds or fruits utilized as 
food, successful distribution depends almost wholly upon protection against 
digestion. The disseminules of most herbs lack such protection more or 
less completely and are regularly destroyed in the digestive tract of 
birds but to a somewhat lesser degree in that of mammals. A consider¬ 
able number of trees and shrubs have been specialized for such distri¬ 
bution by devoting a portion of the fruit to the attraction and reward of 
the disseminator and by protecting the seed against digestion by means of 
a stony cover, developed usually by the fruit. Such fleshy fruits an* 
among the most successful migrants, though their distribution is usually 
local, as fence rows filled with red cedar, sumac, and similar shrubs 
testify. Nut fruits and cones are collected by rodents in vast numbers, 
but they are carried little if at all beyond the forest edge, and it is only 
by chance that a seed here and there escapes consumption. 

Most effective of all is dissemination by contact and attachment, 
since the dry fruits chiefly concerned are not used for food by the animals 
that transport them. The movement of “sticktights” and ‘Hickseods^' 
is, for the most part, local or at least within woodland, where they 
abound, but the various burs, such as cockleburs and sandburs, were 
often carried over considerable distances by migrating buffalo. Carriage 
by man has been the outstanding process during the historical period, 
not merely because of his world-widcj migration, but especially also on 
account of the fact that he produces innumerable disturbed areas in 
which ecesis is possible. Roadways and trackways have served as 
universal pathways of migration, in which disturbance is the chara(5teristi(: 
feature. In a large number of species, the carriage has been iiKjidental 
to the transport of foodstuffs or materials and, hence, wholly uninten¬ 
tional, but in the aggregate it has been far in excess of all other methods 
of long-distance migration. In addition to actual transport by railroads 
is the unique action of vortex winds due to passing trains, which have 
been the main factor in the distribution of ruderal and native species for 
many hundred miles. No other migration agent is in the least com¬ 
parable with man in the effectiveness and extent of its action. Water 
is similar in acting over long distances, but only a relatively small 
number of seeds and fruits can withstand immersion for more than a few 
days at most. 


COACTIONS OF THE PLANT BODY 

Food coactions are concerned where the plant body is employed for 
food by animals or man. The outstanding coaction of this group is 
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llP'azing^ under which may also be included browsing when trees and 
shrubs are concerned rather than herbs. The number of instances in 
which the plant body is utilized for food is incalculable, but these may 
all be arranged in a few major groups. The latter comprise the coactions 
between aquatic animals, chiefly invertebrates, and plankton; between 
insects and leafy shoots; rodents, grazing animals and herbs; browsing 
animals and foliage; and between a heterogeneous group and wood in 
various forms. Birds are usually not concerned, since even when they 
attack seedlings, it is usually for the sake of the seed itself. In this 
general category belong also the interactions of bacteria, fungi, and other 
plant parasites with animals, and with other plants as well, but these 
are not considered in the present account. Man ranges over almost 
the entire field of coactions, but only the most important ones can be 
discussed here. 

Grazing Coactions.—The primary relation is that of food supply, with 
the natural assumption that the coaction is wholly beneficial to the 
animal and injurious to the plant. In the first case, the chief exception is 
constituted by poisonous plants, such as Astragalus, Delphinium, Lupinus, 
Oxytropis, and Zygadcnus, while minor exceptions are furnished by plants 
with spines or harmful awns, such as cacti, needle grasses, etc. The 
damage done the plant by grazing or browsing depends largely upon 
the life form. The annual is often destroyed and the perennial herb 
injured in various ways and to different degrees; low shrubs may be kept 
in a dwarf, leafless ('ondition, while tall ones and trees are little affected. 
On the other hand, grasses, sedges, and similar forms with basal meristem 
in the leaves and shoot buds near the ground suffer slight damage from 
the removal of their foliage if this is not too frequent. Every species is 
injured by overgrazing, but grasses withstand this better than all others 
and are actually benefited by moderate cropping. This not only removes 
the dead litter which is undesirable for several reasons but also seems to 
promote the growth of leaves and buds; at least, it has been found that 
the growth of grasses under complete protection is distinctly less than 
with properly regulated grazing. 

Grassland resists trampling more successfully th^ii any other type of 
community, though as with grazing the amount of damage is determined 
by the severity of the process. Trampling, when not too severe, is bene¬ 
ficial in scattering and planting seeds and fruits and, to some degree, 
offsets the harm done by grazing while fruits are being formed. When 
animals are crowded as about wells, in corrals, or in bedding grounds, 
trampling is extreme and usually results in the complete destruction of 
the vegetation and the initiation of secondary seres.^^ Such areas are 
marked by colonies of weeds, which serve as indicators of disturbance and 
persist until the cause is removed. When the disturbance ceases, such 
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serai communities gradually yield to the competition of the returning 
grasses and the climax grassland is more or less completely restored. 
A fairly permanent eifect of overgrazing and trampling is registered 
in the short-grass subclimax of the Great Plains, where the taller species 
are kept down in consequence of their life forms being more susceptible 
to injury. The composition of grassland may also be much modified 
because earlier or more palatable species bear the brunt of the grazing 
coaction, even to the point of disappearance.^^ The most striking change 
of this type, however, is to be encountered in grass associations containing 
scattered shrubs, such as sagebrush or mesciuite. The latter are eaten 
much less than the grasses and, as a result, increase correspondingly in 
number, until they appear to dominate the entire community. Experi¬ 
mental exclosures have demonstrated that the shrubs gradually disappear 
under the competition of the grasses when the latter are protected from 
grazing and indicate that much of the large area covered by sagel)rush, 
creosote bush, mesquite, and other shrubs is actually climax grassland. 

Rodent Coactions. —In all essential respects, these are similar to 
the relations that exist in the case of grazing or browsing by the larger 
mammals.*^ The main differences lie in the fact that the effect exerted 
by each individual is much smaller and more localized, and that control, 
for either practical or research purposes, is mucdi more difficult. Apart 
from the influence upon the seed crop already mentioned, the major 
damage done by rodents is inflicted upon the leafy shoot, though pocket 
gophers, moles, and other tunneling forms do great injury to roots and 
underground stems, both directly and indirectly. The coactions differ 
from genus to genus and family to family and depend almost wholly upon 
habits and life history. The wandering jack rabbit behaves much as do 
cattle but on a smaller scale (Fig. 35); the social prairie dog works great 
changes in the plant covering of his towns, and the provident cony cuts 
and stacks hay for his long winter above timber line. Although more 
intelligent as to poisonous plants and apparently less susceptible also, 
rodents do fall victims to the most poisonous species. Spines and thorns 
likewise exercise an influence, though some species, such as the woodrat 
or pack rat, actually turn these to good purpose in the construction of 
nests. 

Although the effect produced by a single rodent is small, the total 
influence of a vast population of many species is great and often decisive. 
When they are more or less restricted in their movements, as prairie 
dogs or kangaroo rats, the final effect may be as striking as in an extreme 
case of overgrazing and trampling by cattle (Fig. 134). The original 
grasses of a prairie-dog town are often completely replaced by annual 
weeds, the area about a kangaroo-rat mound may be wholly bare, and 
the runways of jack rabbits may be almost as well worn as cow paths. 
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Rodents exert little or no effect in planting seeds, largely because of the 
heavy toll they usually take, though burrowing forms and pack rats 
have more value in this connection. 

Coactions upon woody plants are less frequent, but they arc not with¬ 
out importance. Perhaps the most outstanding examples are furnished 
by the beaver, which employs aspen and birch in particular for construc¬ 
tion materials as well as food.®® Because of their choice of trees, much 
more damage is done by porcupines, rabbits, and other bark-eating 
rodents, which may kill a large tree in consequence of consuming only a 
]K)rtion of the bark. Similar consequences of a relatively small coactiori 
are to be found in the damage to trees wrought by sapsuckers, nut-storing 
woodpeckers, and bud-eating grouse among birds. 



Fig. 1.'14.—General denudation by kangaroo rats in desert scrub in Arizona 


Human Coactions.—It is evident that man stands alone with respect 
to the number and variety of his coactions with plants. Like the animals, 
he derives, directly or indirectly, his entire food supply from plants and 
he has produ(;ed far-reaching changes by learning to control this supply. 
He is likewise susceptible to many coactions from the plant and one of 
his chief tasks has been to understand and control these, not merely 
in the case of foods, poisons, and drugs, but especially also in that of 
parasitic bacteria. The most striking coactions have had to do with 
mass effects upon vegetation, as represented by fire, cutting, and clearing. 
All of these processes bring about the destruction of one community in 
whole or in part and its replacement by another, either as a result of 
planting or in consequence of succession. These have been discussed 
briefly in preceding chapters and it merely needs to be further emphasized 
that all man^s uses of plants, both native and cultivated, rest upon the 
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basis of coactions. While they differ in details, cultivated fields and 
natural communities bear the same general relation to physical factors, 
exhibit the same basic processes of competition and reaction, and are 
subject to similar coactions on the. part of man and animals.^^^ 

In his role as a coactor, man exerts a number of primary effects upon 
vegetation, which may be conveniently grouped as follows: (1) removal 
of cover wholly or in part, as in clearing, breaking, lumbering, or fire; 
(2) production of crops, in the widest sense; and (3) natural regeneration 
or artificial restoration of cover. The first is necjcssarily and universally 
destructive of native vegetation, the last is reconstructive, and the second 
may be harmful or h(;lpful in its relation to conservation, in accordance 
with the typ(^ of cover formed. In agriculture where removal is followed 
by tillage, coaction passes immediately into reaction, which provides 
the necessary opportunity for erosion, both by water and by wind. To 
remedy this, it then becomes necessary to reverse both sets of processes 
and turn them into agents for stabilization and control. 

Man is likewise the greatest coactor with other animals, both directly 
and indirectly, and the primiple just expressed applies equally weJl in 
the field of wild life. Destructive coactions must be replaccsd by con¬ 
structive ones, and natural or artificial ])ropagation must be invoked to 
restore a dynamic balance within species as well as communities, just 
as in the plant cover itself. 

Sequence of Coactions. —Ininany instance's, the influence of plants and 
animals upon each other does not stop with the immediate or primary 
(coaction. The development of a new relation or the concrete working 
but of an old one sets in motion a train of mediate or se(i)ndary conse¬ 
quences in which an entire series of species or communities may be 
involved. The introduction by man of a uew fruit or crop for food or 
materials often means the bringing in of fungi or insects parasitic upon 
it and ultimately of the parasites upon these. With the seed of grains 
come those of weeds; the latter not only demand the further attention 
of man, but they also produce new interactions with native species and 
their plant and animal associates, the waves of influence extending far 
beyond our present knowledge. One of the final effects is to be found 
in the establishment of quarantine regulations, both national and state, to 
prevent or control such coactions. 

The best known of coaction sequences have followed upon the intro¬ 
duction by man of the English sparrow and starling into the United 
States, of the thistle into Australia, and of the bumblebee into New 
Zealand, but the same process has been exemplified in the case of every 
cultivated species brought from abroad and every stowaway, whether 
weed, fungus, or insect. The clearing or breaking of ground for cultiva¬ 
tion, the cutting of trees for timber, and the burning of forests have all 
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set up sequences of far-reaching significance, the understanding of which 
is indispensable to scientific agriculture and forestry and to conservation 
especially. One of the most illuminating examples of these complex 
sequences is found in the effect of man upon predatory animals. The 
complete destruction of the latter appears to be a simple and beneficial 
primary coaction, until it is found to be accompanied by an increase in 
the rodent population with a corresponding decrease in the yield of graz¬ 
ing range or cultivated field. In short, it tends to defeat in some measure 
the very purpose it was designed to promoter—^the greater production of 
cattle and sheep. The protection of game animals—in itself an exceed¬ 
ingly desirable objective—similarly leads to far-reaching sequencjes of 
coactions, as in the case of deer, elk, and bison in national parks or forests.* 

CONSERVATION OF SOa AND WATER 

As already stated, conservation is primarily a matter of substituting 
helpful coactions for harmful ones or of compensating for the latter in 
whatever fashion proves necessary. This applies with equal force to 
reactions, especially upon wind, water, and soil, since these follow coac¬ 
tions immediately or occur simultaneously. As a reactor, man far sur¬ 
passes all others, the mantle of vegetation being everywhere subject to 
use and abuse by him. In consequence, conservation is chiefly the appli¬ 
cation of cover coactions to situations produced by destruction, together 
with direct reactions upon the soil or indirect ones upon wind and water. 
Though all areas modified by man have much in common as to the effects 
produced and their human significance, they fall most conveniently into 
groups on the basis of the community, the nature and degree of disturb¬ 
ance, and the corrective measures demanded. Cultivated field, grass, and 
forest all present more or less typi(;al differences in cover, kind of disturb¬ 
ance, and control processes, as well as in the physical factors of climate 
and soil. In all three, however, the basic principle of protection by cover 
is foremost, though it is often to be reenforced by the addition of engineer¬ 
ing works, such as reservoirs, dams, terraces, etc. 

Cultivated Fields. —In the case of all field crops as distin<^t from those 
of pasture or woodland, the protection afforded by the native cover is 
completely lost and the upper portion of the soil much loosened and 
modified. The extent to which a crop compensates for the lost cover is 
determined by its nature, as well as the associated tillage and the type of 
precipitation and soil. In fallow, such compensation is lacking entirely; 
in row crops such as corn and grain sorghums it is regularly low, while in 
those sown broadcast it approaches that of pasture, for the period from 
early growth to the removal of stubble. The effectiveness of a crop cover 
is also related to the degree of reaction upon the soil by cultivation, both 
in the preparation of the field and in later treatments. For this reason 
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especially, plowing a field on the contour is indispensable to good farm 
practice (Fig. 135). 

While the amount of surface covered is the first consideration in 
protection, slope, soil, rainfall intensity, and drought are all matters of 
major importance. Each of these may appear as the ruling factor or 
they may be variously combined, though high rainfall and frequent 
drought are for the most part mutually exclusive. The steeper the 
slope the greater must be the protection afforded by the cover, as w'(‘ll 
as by supplementary devices, such as terraces, that involve reaction. 
Penetration and runoff are related but opposite processes, and the soils 



Fia. 135.—Contour lifsting of corn in a terrac3ed field in eaetorn Nebraska to proven t 
erosion. {Photograph, courtesy of Soil ConservatioiL Service.) 


that promote the one reduce the other, gravel and sand btniig at onv. 
extreme and silts and clays at the other. A gentle rain may be largely 
absorbed by most soils and even on considerable slopes, while torrential 
ones produc-e runoff, erosion, and flooding not only in proportion to their 
intensity but also to sparseness of cover, degree of slope, and hardness of 
soil. Drought belongs in a different category, since it operates primarily 
on cover and hence acts chiefly through its reduction or removal. It also 
affects the texture of the soil, but even in wind erosion, this is negligible 
unless the cover is greatly reduced or lacking. 

Perennial crops, such as alfalfa, clover, and other legumes, provide 
almost complete protection for the entire surface of a field; broadcast 
annuals come next, with rowed annuals last. For a practical cropping 
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system, in which there must be a working compromise between protection 
and profit, it is indispensable to combine the respective crops in space or 
in time, to resort to engineering structures, or to utilize both as needed. 
Combination in space is illustrated by strip cropping in which a complete 
cover, preferably of perennials, alternates across a field with rowed or 
broadcast annuals(Fig. 136), Less advantageous but of especial value 
with respect to the conservation of fertility is rotation, in which row crops 
of high nutrient requirements are grown in a 3 to 5 year rotation with 
small grains and with grasses or legumes which produce much more 



Fig. 136.—Strip cropping in South Carolina. Soil and water conserving strips of wheat 
alternate with strips sown to cotton. {Photograph, courtesy of Soil Conservation Serouie,) 


favorable cover and nutrient reaction.A longer rotation with pasture 
or woodland, or with game coverts, yields even greater values in some 
respects in the case of large farms. 

Terraces are the chief structure.s for the control of erosion in tilled or 
abandoned fields, and they are usually combined with some other feature, 
such as spillways, check dams, floodways, reservoirs, etc.®®*-*®®® (Figs. 
137 and 138). They are of value on any field with a perceptible slope and 
the need for them rises with the angle until this becomes about 15 degrees, 
when strip cropping is to be preferred. The height, width, and number of 
terraces are determined with reference to slope, soil, and crop, and they 
are located along contour lines. They should be constructed in such a 
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way as to interfere as little as possible with cultivation and to reduce the 
tendency to ponding with attendant silting and waterlogging when the 
interval is too great. This disadvantage can be largely overcome by 
spacing them more closely and lowering the height, or still better by 
means of one or more subterraces. Terraces of proper design should 
obviate overflowing or breaking through and should deliver runoff to the 
spillway without ponding or gullying. 

Pasture and Range. —In all important rtispects these are essentially 
identical, pastures merely being smaller and formed for the most part 



Fig. 137. —Terraces have been made in this eastern Nebraska field so that there will 
be a minimum of soil erosion and a maximum of water retained in the soil. {Photograph, 
courtesy of Soil Conservation Service.) 


with cultivated or introdu(!('d species, such as timothy or bluegrass. A 
grazing cover is nearly always made up of perennial dominants, the chief 
exceptions being wdiere overgrazing has produced a disclimax of annual 
grasses or serai stages composed of w^eeds. Where undisturbed, a grass 
cover is more or less complete, but its density and hence its protective 
value will be largely determined by the life form, whether sod or bunch 
grass, or tall, mid, or short grass. They will also depend to some extent 
upon climate and soil, a fact well illustrated by the decr(^ase in density 
from true to mixed prairie and to desert plains, in accordance with 
diminishing rainfall. However, under the prevailing utilization, over- 
grazing plays the decisive role, often reducing some or all of the native 
siK?cies to a minor position or leading to their complete disappearance 
through competition. Even more serious from the standpoint of erosion 
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and flood control is the effect of keeping the grass cover eaten down and 
thinned out to a point where its protective role is largely gone.^^^ 

In spite of all this, the recuperative power of native grasses is sur¬ 
prising, and under normal conditions, they respond quickly to any mate¬ 
rial reduction in grazing pressure. A decrease in the number of stock 
per acre during the period of regeneration is a satisfactory measure, but 
this is often impossible. Excellent results may be obtained by an interval 
of complete rest, and especially through rotating the herd by season oi‘ 
year. Natural recovery by such means is probably the most certain 
and rapid and much the most inexpensive of all methods. However, 



Fig. 138.—Check dam near the head of a ravine. Navajo Reservation, N. M. 


when overgrazing has weakened the grasses beyond the point of fairly 
prompt recuperation, it becomes necessary to sow or plant in order to 
restore an adequate cover.To render eithel* of these steps successful 
over most of the optm range, it is necessary to break up the sod 9,nd stir 
the soil to some degree. Scattering seed broadcast over the undisturbed 
surface is a waste of time, as has been frequently demonstrated through 
the west.*®^'^®*^ As a rule, sowing can be done most successfully by 
furrowing or disking the sod, or by combining this with pasture terraces 
wherever the slopes demands it. In drier regions or during dry seasons, 
it is usually desirable to employ a mulch of hay or to utilize a nurse crop, 
preferably in the stubble form. In some species, such as wheat grass and 
buffalo grass, chopped rootstocks or stolons may be used, especially with 
buffalo grass which is usually a poor producer of seed. 
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In sowing introduced species, greater care must be taken as a rule; 
thus, for crested wheat grass the ground is plowed and harrowed and the 
seed drilled in7®^ Transplants are readily set in rows or furrows, or 
each individual placed in a small basin to reduce competition and increase 
the penetration of rain. Grasses that form sods, such as buffalo, wheat 
or Bermuda grass, make the most satisfactory transplants, since they 
can be handled mechanically in strips, much as bluegrass is for sodding 
lawns^*^ (Fig. 139). The strips are placed sev(jral yards apart and are 
planted in a shallow trench of the proper width in order to take root 
rapidly. 



Fig. 139..CollectiiiK buflFalo-grass sods for artificial reveBctation, Ha 5 ' 8 , Kan. {Photo¬ 

graph by D. A. Savage; courtesy of U. S. Bureau of Plant Industry.) 


As stated in the chapter on reaction, even an open cover of short grass 
is sufficient to prevent the blowing of soil, but greater density is required 
to stop rapid runoff and erosion. Hence, over the heavily grazed western 
ranges,, especially where there is some slope, it is desirable to employ 
pasture terraces in addition. These are run along the contours as in 
cultivated fields, but they are much smaller and simpler, consisting 
usually of a ditch a foot or so deep with a ridge or berm of soil above it. 
With a wide interval of 30 feet or more, water often accumulates in harm¬ 
ful amounts in the ditch. Consequently, it is preferable to reduce the 
runoff between terraces by means of furrows a few inches deep and 2 to 3 
feet apart. Such a treatment of the sod also promotes natural seeding 
and rootstock propagation and affords a favorable condition for sowing 
or transplanting, as well as the penetration of water. 
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Forest and Chaparral. —In general, a cover of woody vegetation 
usually excels grass and far surpasses field crops in protection against 
erosion and flooding, though in the case of climax forest this may be 
offset by a higher rainfall.*® The effectiveness depends largely upon 
life form and litter, though crown density is an important feature like¬ 
wise. Coniferous forest possesses an advantage in the evergreen canopy 
and perhaps also in the slower decomposition of its needles. When 
stands are open as in parkland and savanna, the favorable reaction 
upon water and soil is much diminished, in correspondenc^e with the 
distance between trees. Most scrub communities are of this type, but 
the chaparral of the west is a unique form of dwarf forest, which attains 
its best expression in southern California. Its value for the control of 
erosion and floods approaches that of forest and perhaps no forest equals 
it in the value of the water supply derived from it. 

Though the reduced protection due to logging may be considerable, 
the chief damage occurs when clean cutting is followed by burning the 
slash. The effect is much the same as wlien a severe fire runs through 
forest or chaparral, removing cover and litter completely and giving full 
opportunity for runoff and erosion. In deciduous woods and chaparral, 
fires usually lead to abundant root sprouting, and an effective cover may 
again be formed in the course of a relatively few years. Though conifers 
rarely produce root sprouts, many species of pine spring up readily 
from seed after a fire and develop a protective cover that may persist 
until the hardwood climax re])laces it. 

In all these areas, the greatest danger occurs during the period between 
the burning of the (*over and its renewal, in which the soil may remain 
exposed and unprotected for a number of yeai*s. This period can often 
be shorten (^d by planting to the species of tree that yields an efficient 
cover most quickly. With chaparral, however, the interval of maximum 
risk before the cover i.s renewed by root sprouts is usually but 2 to 3 years, 
and it has proved a successful measure to bridge this gap by sowing a 
vigorous annual such as mustard (Fig. 140). This makes a dense stand 
the first year and is then gradually replaced through the competition of 
the sprouts of th(\ original dominants. It is evident that areas bared by 
other causes may be protected by planting or sowing and that similar 
results may be secured in subclimax or climax grassland under conditions 
favorable to the growth of trees or shrubs. 

Windbreak and Shelter Belt.—^These differ only to the extent that 
the shelter belt is a more or less orderly arrangement of separate wind¬ 
breaks.*®®*^ In methods, materials, reactions, and purposes, they are 
identical. Windbreaks proper are composed of trees or shrubs, or of 
both, though tall grasses or forbs may have something of the same value 
in strip cropping. The simplest form is a single row of individuals of one 
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species, such as osage orange or cottonwood in the middle west or eucalyp¬ 
tus or cypress in California, but a grove or woodlot is perhaps more 
frequent. The most effective type comprises several kinds of trees and 
shrubs arranged with the lower growing species placed outside to give 
better shelter and greater wind deflection. These qualities are found in 
larger measure in coniferous windbreaks than in those composed of 
deciduous trees, but the choice of species is smaller and establishment is 
often more difficult. The need for windbreaks increases as the climate 
becomes less favorabl(‘, and their success will often depend upon com- 



Fio. 140. ~A burned wiiterahod protected by a crop of mustard so^n from airplime. 
JuiK^td Reservoir, Santa Rarbara, Calif. W. S. Forest Service.) 


IKMisatiori given by soil or topography. When located on looser soils 
with low^ nonavailable w^ater, they can be planted under much lower rain¬ 
fall, and this is naturally true also of valleys with their higher water 
content. 

The chief reactions of a windbreak have been described; hence it will 
suffice here to discuss the coactions concerned in their planting and 
maintenan(*e. Since windbreaks are most valuable in climax grassland, 
it is clear that some compensation must be offered for the climate, which 
is drier than that of forest. As an initial step, this demands not only the 
destruction of the original grass cover, but also precautions against its 
return, owing to the fact that the grasses as climax dominants have a 
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constant advantage in the competition with the trees, especially when 
these are in the seedling stage. The tillage that keeps the area free of 
grasses and weeds also increases the porosity of the surface soil. Grazing 
and browsing must be prevented until the trees are sufficiently tall not 
to be easily damaged. Rodents must likewise be excluded by fencing or 
killed by poisoning when the plants are young, and rabbits may do harm 
for a long time by girdling trunks at the base. Grasshoppers are less 
frequently a serious menace, but they must be reckoned with during 
outbreaks, when they may eat young twigs in addition to all the foliage. 

In regions with severe winters, windbreaks are valuable in providing 
shelter for cattle, as well as in reducing the rigors of blizzards for man. 
Throughout the year, they may provide cover for the successful manage¬ 
ment of quail and pheasants and under proper conditions for rabbits also. 
At proper distances, they may have much value as snowbreaks or dust 
screens for highways. 

Highways and Erosion Control.—In the course of widening and 
straightening highways and reducing grades, the cover has often been 
removed over the entire right of way. More serious still is the deepening 
of cuts and the raising of fills to the point where erosion of the steep 
slopes becomes a matter of the first concern in costs of maintenance and 
safety of travel. Because of the loose soil, the slopes of a fill suffer the 
most serious damage, especially in mountainous regions, where they may 
extend downward for several hundred yards and threaten road sections 
below. Natural succession operates too slowly to protect these, and it 
becomes imperative to treat them the first season after construction. 
This is best done by building terraces strengthened by stakes and wattles, 
reenforcing these by planting cuttings of such rapidly growing species as 
willow or baccharis, and then sowing to a catch crop of grain or other 
annuals for immediate protection of the surface®®^ (Fig. 141). Cut 
slopes are somewhat simpler, since the exposed surface is much firmer as 
a rule, and when not too long, they may best be handled by reducing the 
slope and rounding back the upper portion. In deep cuts, however, such 
slopes also require the use of terraces to permit the rapid and complete 
restoration of a cover, particularly in sandy soils. 

After slopes have become stabilized, it is usually desirable to replace 
the temporary control by means of species of greater permanence and of 
higher ornamental value. This is most satisfactorily done by using 
those native species found in or near the area concerned. These are not 
only the most likely to succeed and to require the least watering and other 
care, but they also have the great advantage of blending the highway 
into the local landscape. They not only remedy the destructive coactions 
and reactions unavoidable in road making, but they may also be utilized 
to increase the attractiveness of the landscape. Furthermore, the use of 
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native species in something of their community relations lends itself 
most effectively to the conservation of the natural vegetation by restora¬ 
tion and in situations where it can be most easily seen and appreciated. 

Control of Floods. —Few regions are free from occasional or recurrent 
disaster by floods, but these are most frequent and destructive at the bases 
of mountain ranges and in the middle and lower reaches of great river 
systems*’®-®* (Fig. 142). In general, serious floods are caused by destruc¬ 
tive coactions upon the plant cover, fire, grazing, and clearing being most 
important, but floods of serious nature locally may also arise from high- 



Fig. 141.- -Overcast slopes of mcuiitaiu highway held by wattled and planted terraces. 

U. S. Forest Service, San Dimas Experimental Forest, Calif. 

way construction in mountain areas. Rejiioval of tlie forest cover 
together with hill cultivation is the major cause in the wooded regions 
of the east; overgrazing is the i)rocess chiefly responsible in the west; and 
fire is the cause in the chaparral of southern California. 

As is true likewise of erosion, flooding must be prevented at the source. 
This is in the uplands and hills, where it is best controlled by means of 
cover where runoff can be prevented from accumulating to the propor¬ 
tions of a flood. In a forest climate, this demands not merely the ade¬ 
quate protection of existing woodland, but also the reforestation of 
cut-over lands and of abandoned farms. Hand in hand with this must 
go the best possible control of runoff and erosion on cultivated lands and 
the use of engineering structures to delay the movement of water into 
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the larger streams of the uplands. These are chiefly check dams, diver¬ 
sion ditches, and small basins, supplemented farther down by debris 
basins, reservoirs, and floodways. In the lower course of such a river as 
the Mississippi, where the bed is being built up by deposit, levees and 
spillways are indispensable and may continue to be so under extreme 
conditions. But with the proper control by cover and reservoirs in the 
upper tributary systems, it seems evident that they will become less and 
less important. 








Fig. 142.—Effects of the La Crescenta-Montrose flood of .January, 1934, caused by fire on 
the mountains behind. California. 


In regard to grassland, cover is perhaps even more effective in the 
control of floods, probably because of lower rainfall, and the first need 
is to restore its density to the point where it can serve this purpose. This 
requires the substitution of a regulated system of grazing for the current 
practice of overgrazing in order to secure a working balance between use 
as forage and as protection. With furrow control as an adjunct, other 
measures may not prove necessary under moderate conditions of over- 
grazing. For more severe conditions, seeding or planting is essential 
and then, as wherever restoration is a slow process, terraces and other 
structures must also be employed until the cover becomes fully adequate. 
On watersheds protected by chaparral and with a long dry season, a 
complete system of fire protection is the first need. As indicated in 
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the previous chapter, the period of greatest danger comprises the years 
between burning and the general restoration of the cover through root 
sprouts. The risk is by far the highest for the first and second year when 
the ground is still bare, and it is during this time that sowing to produce 
a rapidly growing temporary cover, such as mustard, provides almost 
complete insurance against disastrous flooding. 

CONSERVATION OF WILD LIFE 

In the strict sense of the term, wild life includes native vegetation 
as well as the animals that dwell in it, especially since it is impossible 
to consider these adequately without the plants. It is now generally 
recognized that plants and animals are constantly interacting to form a 
biotic community, usually best exhibited in the climax. As has been 
seen, this may be completely destroyed or variously modified in composi¬ 
tion by the coactions of man, or the animal members may suffer reduction 
or eradication without corresponding influence upon the plant matrix. 
Conversely, the animals themselves may consume or trample vegetation 
to such an extent as to threaten their own existence and thus bring about 
a movement to other fields. In the current and special sense, wild life 
refers to the larger animals and birds that are regarded as game and to 
their predators. The group has vague and shifting limits, even including 
introduced species of partridges and pheasants, and is best defined as com¬ 
prising all the animals concerned in the various processes of conservation. 

Numbers of Animals. —It was formerly supposed that the numbers 
of animals in nature exhibited a fairly definite balance, the populations 
being maintained at a level by comi>etition and by predators. This 
assumption has now b(?cn replaced by one of dynaiiiic or fluctuating 
balance in accordance with which it is recognized that numbers shift 
within the widest limits, usually producing a cycle of maximum and 
minimum abundance. Under the disturbances caused by man, however, 
there is often a progressive decrease in numbers of game animals and 
birds, of predators, or of rodent pests, which is brought about by hunting 
or by poisoning. This may have far-reaching effects upon other species 
and the populations concerned may become too small to show the presence 
of cycles. Since conservation is at bottom a matter of maintaining or 
restoring numbers, it is primarily a task of aiding favorable coactions 
and of hindering or removing unfavorable ones. The favorable coactions 
have to do with food and cover and the harmful ones with man, predators, 
and disease. Any oiu? of these may set a limit to numbers, and in many 
cases all of them have cooperated to produce the present condition. Back 
of all these, moreover, is that of the basic control exercised by climate 
and weather, which seem to set in action the processes that produce 
cycles or at least a tendency to fluctuating numbers. 
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Climate.—This may operate directly upon animals, affecting vigor, 
survival, and reproduction, or it may act indirectly through one or more 
of the major coactions just mentioned. Though wind, flood, blizzard, and 
drought may each take a high toll, especially of young, such occurrences 
are relatively rare and play but a small part in decreased numbers. Even 
the losses due to drought and to extreme cold are more a consequence 
of the lack of food and cover than of the excessive temperatures. Hence, 
the indirect influence of local climate or weather during the year is a much 
more decisive matter as it operates upon the amount of food and cover 
produced. Since rainfall is the factor that fluctuates most widely from 
year to year, the supply of water, as the most critical of physical factors 
during the growing season, largely determines the growth and density of 
vegetation, and this in turn the amount of food and cover. 

Rainfall is known to vary in a more or less definite cycle, the effects 
of which are most felt in grassland and desert with relatively low precipi¬ 
tation. There is increasing evidence that such cycles are related to those 
of sunspots and that the 11-year cycle of the latter is thus reflected in 
the production of food and cover, and hence in that of animal popula¬ 
tions. At least, most of the cycles found in animal numbers have a length 
approximating that of the 11-year cycle of sunspots or its divisions. 

Food and Cover.—Since these are both features of vegetation, it is 
clear that they will increase or decrease in general relation to the latter 
and hence in conformity with the seasonal conditions. They also vary 
much with the kind and amount of local disturbance, weed and brush 
being especially adapted to quail and rabbits, while draining and flooding 
often are decisive as to the persistence of waterfowl, muskrats, and other 
water animals. The amount of food is usually more significant than its 
quality, since it often determines activity and survival under extreme 
conditions in winter. Even more important in connection with abun¬ 
dance is the fact that the number of eggs in a brood or young in a litter 
and the number of broods or litters in a season rise rapidly with the food 
supply. This is especially true of such prolific animals as rabbits and 
lemmings, the latter producing four litters with as many as 8 to 11 young 
each during a year of maximum. 

Like food, cover of the proper kind is also a compensation or protection 
against great cold, as well as deep snow, since both help to maintain the 
body temperature. This is true of many of the large mammals, but the 
significance is probably greatest among rabbits, quail, grouse, etc. For 
these, cover may be even more important in terms of concealment from 
predators than as shelter. Thus, for quail recent studies of cover in 
Wisconsin indicate that this is the most important factor in the number 
of birds that a locality can maintain.^" In consequence, the carrying 
capacity of a particular area is determined by the cover in terms of food, 
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shelter, and concealment, though at a particular time any one of these 
may become the decisive factor. 

Predators. —In scientific usage, the term predator is applied to the 
carnivorous mammals, such as the wolves, large cats, and badgers; the 
insectivorous ones, such as moles and shrews; the raptorial birds, like 
hawks and owls; most reptiles; and the predaceous insects, such as tiger 
beetles, ladybirds, and water boatmen. In this sense, many of our com¬ 
mon birds are predatory, from crows and blue jays at one extreme to 
flycatchers and warblers at the other. In the popular opinion, however, 
predators are chiefly those animals and birds that prey upon big game, 
game birds, and domesticated animals. 

All predators are characterized by a destructive coaction, but their 
role in conservation is based upon a number of relations. Perhaps the 
most important of these is the nature of their prey. When this consists 
largely of harmful rodents or insects, the predatory habit is ben(ificial 
from the human point of view, and this is true also when such game? as 
deer becomes too abundant under protection. Likewise, many of the 
owls and hawks, such as the marsh hawk and barred owl, are assets to 
the farmer, while others like Cooper^s and sharp-shinned haw^ks an* the 
fiercest enemies of wild birds and poultry. The practice of individuals 
as well as of official agencies has been to destroy all predators without 
much question as to the balance between good and evil effects and with 
little if any accurate knowledge as to their place in the general plan of 
conservation. The usual result has been to set up new and often less 
desirable series of coactions. 

Both predators and their prey are concerned in the fluctuations and 
movements of population that characterize the animal world under more 
or less natural conditions. This has been long known for the lemming 
migration at the time of maximum abundance, when their enemies con¬ 
gregate and follow them in great numbers. It has even been suggested 
that some of these are able to reproduce only when the lemming maximum 
provides an excess of food over that of ordinary years. Still more striking 
and definite is the change in the numbers of lynxes, foxes, and martens 
in correspondence with maxima and minima of the snowshoe rabbit in 
the boreal region of North America, as determined by the records of the 
fur trade.No such great shifts in numbers are known for settled 
regions, but studies of quail and grouse in the United States leave no ques¬ 
tion of a more or less constant heavy toll taken by hawks in particular. 

The plant and animal parasites that produce fatal diseases in wild 
life are probably a universal factor in cycles of abundance. Their viru¬ 
lence seems to rise with the increase in numbers and to be greatest at 
the maximum. A sudden drop at this time has been referred to as the 
/‘crash,” and it is assumed to be due to a particular disease becoming 
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epidemic under crowded conditions that entail severe competition for 
food. 

Man and the Conservation of Wild Life.— Man is the greatest of all 
predatory animals, a role somewhat obscured by the fact that he has 
learned to conserve the supply of many species by means of domestication. 
The fate of the bison and the passenger pigeon shows how rapid destruc¬ 
tion can be with the aid of firearms, while the widespread reduction in 
waterfowl foretells a similar outcome. Moreover, the direct destruction 
caused by overhunting and overfishing has often been obscured by indirect 
consequences brought about by draining, flooding, fire, dams, stream 
pollution, and so forth. Clearing and cultivation have everywhere forced 
game animals back into less accessible regions, especially mountains, and 
overgrazing by domestic cattle has further restricted their feeding grounds. 

Over against the enormous wastage of wild life by man are to be 
placed such constructive measures as bag limits, closed seasons, game 
refuges, and a few bison and other reserves. All of these have been quite 
inadequate to the task, however, and it has become finally clear that 
game in particular and wild life in general can be properly conserved only 
by management as a half-wild crop. This demands the conservation 
and multiplication of all existing stocks until a proper annual surplus 
warrants the renewal of shooting and fishing under more effective regula¬ 
tion. Small game, such as quail, turkey, grouse, and rabbits, may be¬ 
come a farm or estate crop, somewhat as in England today, while big 
game will be a product of national forests and of game reserves for breed¬ 
ing and hunting purposes. To save the large carnivores from extinction, 
wildernefis areas are imperative, and these offer the only possibility of 
restoring biotic communities to something like their original condition. 



CHAPTER XI 


RELATION OF UNDERGROUND PLANT PARTS TO 
ENVIRONMENT 

Half of a plant and often much more is frequently hidden from view; 
rhizomes, corms, etc., are buried in the earth and roots extend far into 
the soil. Many kinds of bacteria, algae, and fungi live entirely in this 
substratum. Because the soil hides the roots from view, they are the 
least understood and least appreciated part of the plant. All who deal 
with plants and vegetation, nevertheless, should have a vivid mental 
picture of the plant as a whole. It is just as much of a biological unit as 
an animal, and clear conceptions of the behavior of plants and communi¬ 
ties cannot be had by a study of the aboveground parts alone. It is 
important to know not only the usual or normal development and activi¬ 
ties of roots but also how these are modified by changes in the soil 
environment.”^'”*®-’'®* 

Extent of Roots. —Although the roots of some plants are sparse and 
superficial, in the majority of both native and cultivated species the root 
systems are, in proportion to tops, deeply penetrating and very exten¬ 
sive*® (Fig. 143). Those of sweet com, for example, extend laterally more 
than half as far as the stalk extends upward, and the root depth is equal to 
the height of the stalk.”® The roots of field com extend 4 feet laterally, 
and the depth is often 8 feet.**® The lateral spread of pecan roots is 
about twice that of the branches above ground.®*®-*®*® Apple trees 
planted in deep, porous loess soil in eastern Nebraska, penetrated, by the 
end of three years, to a depth of 14 to 16 feet and spread laterally 7 to 
10 feet.*®*® At the age of 17 years, all the soil l)etween rows 33 feet apart 
had been occupied and a depth of 30 to 35 feet had been attained.*®®* 

Rate of Root Growth. —^The rapidity of root growth is quite as remark¬ 
able as root extent and, like it, is closely correlated with the environment.*®* 
In many common grasses, the rate of root elongation is over inch per 
day. Roots of the primary system of winter wheat have been found to 
grow at a similar average rate over a period of 70 days. When the main 
vertical roots of com begin to develop, they sometimes penetrate down¬ 
ward, under exceptionally favorable conditions, at the remarkable rate 
of 2 to 2.5 inches per day during a period of 3 to 4 weeks.*** The roots of 
the squash, which spread laterally in the surface foot of soil, sometimes to 
distances of 20 feet or more, have a similar rate of growth and rapidly 
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Fig. 143. —Bisect showing root and shoot habit of prairie plants of eastern Washington. H, hawkweed {HieTocium); K, 
June grass (Koderia); B, balsamroot {Balaamorrhiza) ; F, blue bunch grass {Featuca); G, Geranium; P, a bluegrass (Poa aecuiida); 
A, a composite {Hoarehekia); Po, cinquefoil {Poienlilla). 
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produce a network of branches. A seedling tree of honey locust, although 
only 13 weeks old and 9 inches tall, produced a widely spreading root 
system that extended well into the fourth foot of soil. Other native 
species often develop with equal rapidity when the soil environment is 
most favorable to root growth. 

Activities of Roots in Subsoil. —The great extent of the root systems of 
most plants and their usual thorough occupancy of the subsoil have led to 
investigations concerning their activities at these depths.^* Experi¬ 
ments have shown that the roots are active in the absorption of both 
water and nutrients to the maximum depth of penetration. In one 
experiment, barley was grown in the field in large cylindrical containers 
18 inches in diameter and 3.5 feet deep. The containers were filled in 
such a manner that each 6-inch layer occupied the same depth in the 
container that it had formerly occupied in the field. Each layer of soil, 
of known optimum water content, was separated from the one above 
and below by a thin wax seal. The seals effectually prevented any 
movement of the water from one soil layer to another but permitted tlu^ 
roots to develop in a normal manner. When the crop was ri])e, it was 
found that the water had been absorbed from the several levels in the 
following amounts, beginning at the surface: 20, 19, 16, 16, 14, 12, and 11 
per cent, respectively, based on the dry weight of the soil. It was, 
moreover, further ascertained from barley grown in other containers and 
examined at various intervals, that during the period of heading and 
ripening of the grain, the bulk of absorption was carried on by the 
younger portions of the roots in the deeper soil. Similar results w^ere 
obtained with various other plants. 

In other experiments, measured amounts of nitrates (400 parts ptM- 
million of soil) were placed in the soil at various levels. Corn, for 
example, removed 203, 140, and 118 parts per million, respectively, from 
the third, fourth, and fifth foot of soU. Thus, the materials necessary for 
food manufacture w^ere taken from the deeper soil in considerable quanti¬ 
ties, although to a lesser extent than from the soil nearer the surface, which 
the roots occupy first and w'^here they absorb for the longest time, at 
least in annuals. The deeper portions of the root systems are often 
particularly active as the crop approaches maturity. Nutrients absorbed 
by them may produce a pronounced effect both upon the quantity and 
upon the quality of the yield. Many native species must absorb their 
nutrients from the subsoil, ix., below a depth of 2 to 3 feet, as is clearly 
indicated by the root habit. Little or no branching occurs in the surface 
layers, and structural changes, such as the production of an abundance 
of cork, preclude absorption by the main root.®” Thus, the student of 
environment must consider not only the conditions in the surface soil 
but also the whole substratum to the depth of root penetration. 
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Value of a Knowledge of Root Relations.— A knowledge of root 
development and distribution and of root competition under different 
natural and cultural conditions is not only of much practical value, but 
also it readily finds numerous scientific applications. The phenomena of 
plant succession, whether ecesis, competition, reaction, or stabilization, 
are controlled so largely by edaphic conditions and particularly by water 
content that they can be properly interpreted and their true significance 
understood only by a thorough knowledge of root relations. It is an aid 
to the forester in selecting sites for reforestation and afforestation. 
Ponderosa pine, for example, because of its prompt germination and 
immediate deep rooting, can grow on dry, warm slopes. Likewise, Doug¬ 
las fir germinates quickly and produces roots 6 to 8 inches deep during 
the early part of the season. It thus becomes established where the 
slower growing and more shallow-rooting spruce, hemlock, and cedar faiP‘® 
(Fig. 144). 

A knowledge of foot relations leads to the intelligent solution of prob¬ 
lems of range management and improvement and, indeed, of all problems 
where natural vegetation is concerned. For example, land is classified 
upon the basis of the kind and development of the natural vegetation, 
into that fit for agriculture, that wdiich will grow' forests, and that of 
value for grazing only. Obviously, the root habits are of great importance 
in indicating the water and other soil relations. When they are taken 
into account, the natural vegetation may indicate not only the possibili¬ 
ties of crop production but also the kind of crop that can be most profit¬ 
ably growm.*”® 

It is an interesting fact that in both field and garden the part of the 
plant environment beneath the surface of the soil is more under the 
control of the plant grower than is the part which lies above. He can do 
relatively little toward changing the composition, temperature, or 
humidity of the air or the amount of light. But much may be done by 
proper cultivating, fertilizing, irrigating, draining, etc., to influence the 
structure, fertility, aeration, and temperature of the soil. Thus, a 
thorough understanding of the roots of plants and of the ways in w^hich 
they are affected by the properties of the soil in which they grow is of the 
utmost practical importance. Something must be known of the char¬ 
acter and activities of the roots that absorb water and nutrients for the 
plant and the position that they occupy in the soil before other than an 
empirical solution can be had for the following problems: What are the 
best methods of preparing the land for any crop, the type of cultivation 
to be employed, the best time or method of applying fertilizers, the 
application and amount of irrigation water, kind of crop rotations, etc.? 
A complete scientific understanding of the relation between soil and crop 
cannot be obtained until the mechanism is understood by which the soil 
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Fig. 144.—One season's growth of bur oak {QuereuB macrocarpa): A, in a clearing; ti, 
in a bur-oak forest; and C, in a linden forest. The soil in all three habitats was moderately 
moist but the light in the oak forest was 5 to 20 per cent and in the linden forest only 1 to 
8 per cent of that in the clearing. D, linden {TUia americana) grown in a clearing, at the 
end of the first summer. Its roots are not so well adapted to upland soils as are those of the 
bur oak. {After A. E, Notch.) 
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and the plant are brought into favorable relationshipSi i,e., the root 
system. 

RESPONSE OF ROOTS TO ENVIRONMENTAL FACTORS 

Roots, like aboveground parts, are profoundly affected in activity, 
external form, and structure by change in environment. The habits of 
roots, moreover, like those of shoots, are more or less characteristic for 
every kind of plant. 

Heredity.—The primary form of the root is governed, first of all, by 
the hereditary growth characters of the species or variety (Fig. 145). 
Some species have taproots that develop rapidly and penetrate deeply; 



Fuj. 145.—Dent corn 36 days old, scale in feet. 


others branch near the soil surface, and the taproot soon loses its domi¬ 
nance; still others are characterized by fibrous roots which may spread 
widely or penetrate nearly vertically downward. Great variation occurs 
within a genus and sometimes within the species or variety.^ One 
blazing star {Liatris 'punctata) has a strong, much branched taproot 
reacliing depths of 13 feet, another (L. scariosa) possesses a large number 
of fibrous roots originating from the base of a conn. Field corn typically 
has three roots in its primary root system; in sweet corn there usually is 
only one.®®® Certain varieties of cane have been found to have inherent 
differences as to rate and depth of root penetration, total root production, 
and suitability of roots to soil type.®^* 

Inbred strains of corn differ greatly in the character and extent of 
their root systems. Certain strains have such a limited and inefficient 
root system that they are unable to function normally during the hot 
days of late summer when the water content is low. Among 50 types 
of Indian chillies there are known to be five different heritable types of 
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root systems.^^^ It has been shown that the form of the fleshy portion of 
the roots of mangels and sugar beets is a heritable character. Where a 
dwarf variety of peas having a shallow root system was crossed with a 
tall variety having a deep one, it was found that the root characters are 
hereditary and segregate out in the second generation according to the 
Mendelian ratios.^^® 

There is evidence that after long periods of time, during which the 
soil conditions have had time to impress themselves upon the variety of 
plants, by a process of natural selection a condition of equilibrium between 
the type of plant and the soil may be attained. The roots of flax, for 
example, grown for centuries on the black soils of the peninsula of India, 
are deep, somewhat sparse, and well adapted to ripen the plant quickly 
with the minimum of moisture. Varieties on the well watered but poorly 
aerated alluvial soil have well developed but superficial root systems. 
When the flax from the l)lack soils is grown on alluvium, the deep, 
sparse root system is developed, although it is fatal to the well-being of the 
crop. When the experiment is reversed and the type which suits tlu^ 
alluvium is grown on black soils, there is, again, little or no adaptation to 
fit the new conditions. The root systems of the varieties are just as 
characteristic and just as fixed as the diflferences in seed and other above¬ 
ground characters of these plants.^'-** Heredity in root habits deservc's 
further investigation. 

Environment. —Within the species or variety, root modifications arc* 
usually brought about by the operation of such factors as water content, 
aeration, soil structure, and nutrients. In fact, the character of the 
root system is usually an indicator of soil conditions.®®® By more or less 
profound modifications of their root systems, many plants becomes 
adapted to different soil environments; others are much hss susceptibh' 
to change. Among forest trees, for example, the initial or juvenile root 
system of each species follows a fixed course of development and main¬ 
tains a characteristic form for a rather definite period of time following 
germination. The tendency to change when subjected to different 
external conditions becomes more pronounced as the seedlings become 
older. But some species exhibit much earlier tendencies to change 
than others, and widely different degrees of flexibility are also shown. 
Hence, certain species, such as red maple {Acer rabrum), are able to 
survive, at least for a time, in various situations from swamps to dry 
uplands. The roots of others, such as bald cypress {Taxodium distichum ), 
are so inflexible that they can grow only under certain favorable condi¬ 
tions and their distribution is thus greatly limited.®^® Great variability 
also occurs in the rooting habits of cultivated trees. For example, it is 
well known that the California walnut is widely adaptable to so many soils 
that it is most generally used as stock for the English walnut in that 
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8tate. Many fruit trees show much less plasticity, certain varieties failing 
unless grafted on other stock, the roots of which adapt themselves to soils 
underlaid with alkali or containing excessive moisture or to dry situations. 

Of 28 native grasses and other herbs studied in two or more widely 
separated habitats, 25 showed very striking changes in their root habits as 
to depth of penetration and position and number of branches; one 



Fla. 146.—Plants of false Solomon’s-seal (Smilacina atdlata): a, from a gravel slide; h, 
from a spruce forest. Scale in feet. 

exhibited only moderate differences, and two showed practi(;ally no 
change (Fig. 146). The roots of many cultivated crops of field and 
garden are very plastic, responding readily to environmental change. 
Sometimes the root variation is so great and the growth habit so pro¬ 
foundly changed that the roots are scarcely recognizable as belonging to 
the same species. 

Response to Low Water Content. —A relatively low water content, 
provided there is enough to insure good growth, stimulates the roots 
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to greater development, resulting in a greatly increased absorbing surface. 
Corn grown for 6 weeks in a moist, rich, loess soil (available water content 
19 per cent) had a total root area which was 1.2 times greater than that 
of the transpiring surface of stems and leaves. Corn, with similar 
hereditary characters, grown in like soil, with an available water content 
of only 9 per cent, had a root area 2.1 times greater than that of the tops. 
The total length of the main roots in the two cases was about the same 
as was also their diameter. In neither case did the main roots make up 
more than 11 per cent of the total absorbing area. In the drier soil, 75 
per cent of the area was furnished by the primary laterals and the remain¬ 
ing 14 per cent by branches from 
these, but in the moister soil th(‘ 
primary branches furnished only 38 
per cent of the root area. It seems 
as though the plant had blocked 
out a root system quite inadequate^ 
to meet the heavy demands for 
absorption made by the vigorous 
tops, and as the soil became drier 
the remaining 51 per cent of the 
area was furnished by an excellent 
development of secondary and 
tertiary branches. 

Maize in loess soil with only 2 
to 3 per cent of water in excess of 
the hygroscopic coefficient had 
about one-third more laterals than 
in a similar soil of medium water content, in proportion to the length ol 
the main roots. The absorbing area, moreover, in comparison to tops 
was greater. Similar results were obtained with 2-month-old alfalfa, 
although here the area of the taproot system was exceeded by that of the 
tops. Thus, a low water content, within certain limits, stimulates 
increased root development. 

Figure 147 shows the difference in the root habit of seedling sugar 
beets due to water content, and Fig. 148 the effect upon root development 
of com. In the latter case, the com grown in irrigated soil had about 12 
branches per inch of main root as compared with 27 in dry land. 
Branches in the drier soil were, moreover, twice as long and had approxi¬ 
mately twice as many sublaterals. Such a root system, of course, is 
much better fitted to withstand drought, and its wide distribution 
throughout the soil mass brings it in contact with a greater supply of 
nutrients. It should be clear, however, that the ideal root system is not 
necessarily one with the most extensive branching but one that fully 
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Fio. 147.—Sugar beets about 2 months old: 
A, dry land with practically no water 
available in the second foot; irrigated soil. 
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occupies the soil to an adequate depth and throughout a radius sufficient 
to secure at all times enough water and nutrients. Where the soil Is 
very dry, root development is greatly retarded or even ceases, and the 
aboveground parts are consequently dwarfed. For example, on the 
short-grass plains, roots of alfalfa and wheat, which normally penetrate 
several feet deep, although more profusely branched, are almost entirely 
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Fig. 148.—Roots of dent corn 8 weeks old: A, grown without irrigation, only 2 to 4 
per cent of water available at any depth; B, fully irrigated in fertilized soil. The heights 
of the stalks were 2 and 3 feet, respectively. 

confined to the surface 2 feet of soil because of lack of sufficient water in 
the subsoil to promote growth (Fig. 149). 

To Determine the Effect of an Excess or Deficiency of Water on Plant Growth.— 

Fill three large pails, at least one of which is of galvanized iron and will hold water, with 
air-dry potting soil to within 2.5 inches of the top. Add 2 inches of soil of good water 
content. Plant seeds of sunflower and cover the soil with a mulch of coarse sand or 
fine gravel H hich deep. Water sparingly if needed. When the cotyledons are 
unfolded, thin the plants to about five well spaced individuals per container. To 
the metal container (hydric series) add enough water each day so that water stands 
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an inch above the surface; to the mesic one give enough to moisten thoroughly the 
soil throughout; but to the xeric one add only enough water (daily, if need be) to keep 
the plants from badly wilting. 

When the mesic plants have reached a height of 8 to 12 inches and have produced 
several pairs of leaves, cut the plants in all the containers at the ground line. Wrap 
each lot Repr4,rately in moist paper to preserve for further study. By means of a 
trowel and ice pick, make an examination of the root extent under each condition of 
growth. Secure a root system as complete as possible from each container. Wash 
away the soil and float the roots out in shallow black trays. From this study and 
that of the tops, complete the following table; 


Character 

Xeric 

Mesic 

Hydric 

Depth of penetration, centimeters. i 

Approximate lateral spread, centimeters. 

Number of secondary laterals per centimeter.. . 

Number of tertiar^' laterals per centimeter. 

llelative abundance of root hairs. 

Average height, centimeters. 

Average diameter of stem, niillimeter.s. 

Average number of leaves. 

Average leaf area, square centimeters. 

Average drv weight, grams. 

Other characters, c.( 7 .,color, pubescence, evidence 
of disca.se, etc. 




! 


Response to High Water Content.—Where the surface soil is wet 
and the w^ater table is at no great depth, plants root shallowly.^*^ This is 
a response to lack of aeration. An extreme case is found in bogs. Hc^re 
the roots and rhizomes form a mat only a few inches thick above tlu* 
water level. The roots are superficially i)laced because the parts assume 
the horizontal position above the water level, or the taproot dies and is 
replaced by horizontal laterals, or, where the roots are all vertical, they 
die at the water surface.-®® A number of species have only shallow roots 
where the water table is high but deeper ones in moist peat or mineral 
soils. Trees growing in bogs are likewise shallowly rooted. The 
larch or tamarack (Larix laricina) has no taproot. All the roots are 
horizontal and above the water level. They are so shallowly rooted that 
tre(\s are sometimes overturned by the wind and the entire root system 
exposed. Cedars, spruce, ash, pin oak, etc., whe,n growing in wet soil 
with a high water table have shallow but widely spreading roots. The 
same is true of cottonwoods and wdllows of sand bars and low beaches. 

Certain species characteristic of swamps and bogs have roots or 
rhizomes that grow under water®^® (Fig- 150). Among these are the 
cattail {Typha)y great bulrush {Scirpus validus)^ reed {Phragmites), 
arrowhead {Sagittaria), cotton grass (Eriophorum), birch {Betulapumila), 
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and water willow (Decodon), In certain palms, mangroves, etc., some of 
the roots grow directly upward. Erect projections from horizontal roots 
of the bald cypress {Taxodium), known as knees, develop where the tree 
grows in swamps. These supposedly are organs for aeration.®^® In 
most cases, an oxygen supply is afforded the underground parts of swamp 
plants by gas exchange through large internal air spaces in some, e.gf., 
Salix nigraj it has been shown that the roots will grow for a time even in 



Fig. 149.—Average root development of winter wheat in fertile silt loam soils under 
a precipitation of 26 to 32 inches (left), 21 to 24 inches (center), and 16 to 19 inches (right). 
Average from studies made in 20 fields. 


the absence of atmospheric oxygen. Roots of pitch pine may grow in 
water.®®* 

Root Habits Modified by Irrigation and Drainage. —Keeping the 
surface soil too moist during the early life of the plant may promote a 
more shallow rooting habit, and the crop may later suffer from drought, 
unless watered very frequently. One of the most difficult problems of 
irrigation is to apply the water in such a way that plants are not made 
surface feeders. Otherwise, the natural advantages of the roots widely 
penetrating the subsoil for nutrients are lost. Conversely, delay in 
time or amount of water used may tend to promote a deeper rooting habit. 
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The proportion of roots to tops may be definitely increased by decreasinfi; 
the soil moisture. 

Roots respond in both amount and direction of growth to differences 
in water content and aeration. By var 3 n.ng these factors through 
the application of more or less water, not only the root system but also 
the aboveground plant parts and yield may be varied, since a close 
correlation exists between the growth of roots and tops. 

Raising the water table even temporarily by irrigation causes the 
death of the deeper roots in many plants and usually results in a decreased 



Fig. 150.—Roots of the great bulrush {Sdrpua validus) about 2 feet long, grown in a 
saturated soil (left), and a few roots from very dry soil. Note the almost complete absence 
of branching in the first lot and the marked development of laterals in the second one. 


yield. The roots of some species succumb more readily than others. 
Among many plants, top development depends upon a sufficient root 
supply, as was clearly illustrated in the case of the cotton plant. The 
amount of shedding of leaves and bolls was directly proportional to the 
extent of the root system that was submerged and died as a result of a 
rising water table. But when the water table was again lowered, a new 
growth of tops took place simultaneously with a new growth of roots into 
the area thus provided for root extension,*® 

The general shape of the root system of trees and other plants may be 
controlled more or less by regulating, under irrigation, the depth of the 
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water table. If the subsoil is waterlogged and thus unaerated, deeper 
roots will not develop or, if already grown, will soon die as the water 
table rises. In either case, there is a marked tendency toward the 
production of an abundance of roots so superficially placed that cultiva¬ 
tion results in more or less serious root pruning. Under such conditions, 
moreover, plants are more sensitive to drought, temperature changes, 
etc.®*^ They require heavier irrigation and greater amounts of fertilizers 
than those more deeply rooted. 

The proper drainage of swamps and bog lands for cultivated crops 
should be determined with reference to root relations. Extensive 
experiments have shown that the water table, if at a shallow depth, 
determines the limit of root penetration and thus, to a large extent, con¬ 
trols the yield of many common meadow grasses, such as timothy, 
meadow fescue, and bluegrass.®®® Even when the water table is high, 
only rarely does a root penetrate into the saturated soil, although in 
well drained soils these grasses are quite deeply rooted. In pasture 
mixtures, this water relation may be an important factor in determining 
which species will thrive and become dominant and which will disappear. 
Many coarse marsh grasses and grasslike plants can thrive in wet situa¬ 
tions, since tlie anatomical structure of their roots permits of rapid 
gaseous exchange. But most cultivated plants require well aerated 
soil. For example, corn in well drained soil frequently penetrates 6 feet 
or more, but in peat marshes where a system of underdrainage kept the 
water table almost stationary at about 2.5 feet, the roots, upon reaching a 
level 18 inches above the water table, where the peat soil was very wet 
and poorly aerated, turned aside and failed to penetrate more deeply. 
This inhibition to deep root penetration is clearly reflected in the dwarfed 
stature and reduced yields of the aboveground parts(Fig. 30). 

The maximum depth to which the water table should be lowered 
depends largely upon the nature of the soil as well as upon the root habits 
of the crops to be grown. If the soil is coarse and capillary action con¬ 
sequently low, too great lowering of the water table may result in a soil 
too dry to afford maximum yields. Sugar beets, alfalfa, and other plants 
with taproots 5 to 20 feet deep require a deeper and better drained soil 
than melons or other cucurbits where the main portion of the roots 
occupies the surface foot on all sides of the plant to a distance of 15 to 20 
feet. For the latter, sandy loams with a clay subsoil are ideal, since they 
warm quickly and promote rapid root growth but still retain moisture 
sufficiently well for the shallow root system. 

Response to Nutrients. —The response of native plants to nutrients 
except where they occur in excess (c.p., alkali) has received little study, 
but that of cultivated plants is fairly well known.®** Crops grown in 
rich soil have roots that are shorter, more branched, and more compact' 
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than those grown in similar but poorer soil. Fruit trees with tops of 
equal size may have twice as much root material by weight on poor soil 
as in loam. Roots are also shorter in more concentrated nutrient solu¬ 
tions.^®® Plants grown in soils wdth alternate layers enriched with 
nutrient solution branch much more profusely in these layers. Plants 
so arranged that one-half of the root system grew in soil rich in nitrates 
and the other half in poor soil gave similar results. Of course, enriched 
soil promotes better shoot development, which, in turn, furnishes a 
greater food supply for further root growth. 

To Determine the Effects of Nitrates on Root Development. —Roll pieces of light 
galvanized iron 12 by 18 inches into the shape of frylinders 1 foot high. I Ait the 
edges overlap so that each fits snugly into a K-gahon, glazed jar. Thoroughly mix 
a quantity of dry potting soil with half its volume of dry sand. To one lot add 400 
parts per million by weight of sodium nitrate dissolved in water. Bring both lots of 
soil to an optimum water content. Fill one cylinder witli one kind of soil and the 
second with the other, slightb'^ compacted by jolting, and close all crevi(!es or seams 
with plasticeiie or modeling clay. Plant a dozen soaked seeds of barley 1 inch deep 
in each and then (iover ^2 deep with dni’^ sand. When the third leaf has fully 
developed, unroll the cylinders and compare the root systems in regard to length and 
branching. This is be.st done by floating them in water in black trays. 

When roots enter a soil area enriched by the decay of former roots, 
the greater degree of branching is often very marked. "They frequently 
follow th(? paths of th(*ir predecessors to considerable distan(*('s, branching 
in great jjrofusion. Similar branching, which may l)e duo partly to better 
aeration, frequently occurs in earthworm burrows. Marked contrasts in 
the degree of branching of roots as they penetrate different soil strata are 
often to be attributed to difTereiices in richness of soil. Frc‘C|U(‘ntly, root 
stratification is due to water content, but the factors of water and nutri¬ 
ents often operate togetlier (Fig. 151). 

It has been shown experimentally that in every ease where roots came 
in contact with a soil layer rich in nitrates, they not only developed much 
more abundantly and branclied more profusely but also failed to penetrate 
as far into the deeper soil. On the other hand, it has been shown that 
wheat and barley seedlings grown in both soil and culture solutions low 
in nitrates produce remarkably extensive root systems, although the 
shoots are small. Fertilizing the surface layers of soil with nitrates and 
thus stimulating surface root production in regions where these layers 
hav(i very little or no available water during periods of drought appears 
to be distinctly detrimental to normal crop production. Nitrogen leaches 
readily, and that produced by bacterial action in summer fallow {i.e., 
where the land is cultivated without a crop) may mostly occur at depths 
of 3 or more feet by the next spring.®®^ 

The effect of phosphates in promoting root growth in length and 
number of branches has long been recognized. They are beneficial 
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wherever drought is likely to set in, because they induce the young roots 
to penetrate rapidly into the moister layers of the soil below the surface. 
Wheat, on land treated with phosphates, was found at the end of 3.5 
months to be rooted almost twice as deeply as in similar soil to which no 
phosphates had been applied.®^^-®®^ Nutrients may also affect the size 
and shape of the fleshy portion of root 
systems. Potash fertilizers, for ex¬ 
ample, may result in sweet potatoes 
being considerably shorter and thicker, 
while nitrogen in excessive quantities 
tends to produce long potatoes.^®^ 

Relation to Salinity and Acidity.— 

Studies of root systems in soils 
impregnated with salt point out clearly 
that the adaptation of plant to habitat 
is often largely one of root distribution 
above or below the layers of greatest 
salt concentration. Shallow-rooted 
native species which cannot endure 
salt may grow upon land which con¬ 
tains it at depths belovr those of root 
penetration. Orchards and vineyards 
are sometimes planted in soils of 
rather high salt content, and the root 
systems may become thoroughly 
established in a nontoxic lower layer 
of soil which is less saline than the 
surface layers. 

Deeply rooted plants, such as 
alfalfa and trees, may penetrate the 
salty stratum after getting a start in 
the surface soil when, because of rain 

or irrigation, the salts have been 

Ipnphpd dppnlv 1 nfpr fi*? fViP sfllt Root of sugar beet grown 

ieacnca uccpiy. ijater, as tne salt, sandy loam soil, showing root 

because of evaporation of water, stratification in the second foot and fourth 

becomes more concentrated in the foot where layers of day were encountered. 

surface, the roots penetrate deeply. In this way, some plants not 
exceptionally tolerant may withstand what seem to be excessive quanti¬ 
ties when the whole absorbing zone is not considered.®’® Alfalfa, sugar 
beets, and cotton, all of which have seedlings sensitive to salt, may get a 
good start due to heavy rains or irrigation which dilute the harmful 
salts so mu(;h that the seedling stage may be safely passed. But if 
they encounter a strongly saline stratum a foot or two below the surface,* 
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these plants may prove less resistant than the fibrous-rooted cereals 
which may absorb in the upper less saline soil. In California it has 
been found that the roots of lemon are unusually susceptible to alkali 
injury, while experiments in Australia indicate that the sour orange is 
the best stock for orange and lemon in sections where the irrigation water 
may contain considerable alkali. 

Extensive investigations on the effect of soil acidity on root develop¬ 
ment have been made on moor soils in Europe. The roots of cultivated 
plants were found to penetrate into the soil only as deeply as the addition 
of basic materials had sufficiently freed the soil of free acids. Certain 
native species were found to be less sensitive, their roots occurring in the 
deeper soil. Experiments with potted soils showed that the length of the 
root system agreed very closely with the depth of the acid-freed root bed. 
Studies of root development in the field, where the deeper soil layers were 
freed from acid by the addition of lime, confirmed the pot experiments. 

Wheat seedlings grown in nutrient solutions with a high hydrogon-ioo 
concentration developed root systems that were abnormal in being short, 
stubby, and much branched. The protoplasm of the root hairs was 
found to be coagulated and flocculated, and thci hairs were probably 
rendered ineffective as absorbing organs. Excessive acidity affects the 
roots of plants by partially or wholly retarding growth in length.The 
branches are short and end abruptly.^^ The roots often thicken and soon 
become dull white or yellowish brown in color.^ Sometimes, as in the 
case of root rot of conifers, injury to the roots resulting from acidity of the 
soil leads to infection by fungi which cause root decay. 

Response to Soil Structure. —Where other factors arc? the same, 
roots penetrate more deeply and spread more widely in soils of loose 
than in those of compact structure.Layers of compact soil often play 
an important part in shaping the root system. Ponderosa pine seedlings 
transplanted in clay-loam soils with their roots against one side of a 
hole show a marked tendency to grow a one-sided root system, the 
growth being away from the side of the hole and into the looser soil 
within. When transplanted by the usual “trencher” method, the 
roots invariably develop only in the plane corresponding to the longi¬ 
tudinal axis of the trench.^'*® In plowing for cultivated crops on heavy 
soils, the depth should be. varied from year to year so that a too firm 
“plow sole” will not develop at a certain level and tend to confine root 
development to the plowed layer. 

To Determine the Effect of Soil Compaction upon Root Habits.—Screen about 250 
pounds of a fertile, loam soil and bring it to a good, uniform water content. Secure 
two strong boxes madc^ of durable wood an inch in thickness and well painted, or 
lined with galvanized iron. The boxes should be about 10 by 10 inches in inside 
dimensions and 24 inches deep, one side being held in place by iron bands. Weigh 
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one box, and then fill it with soil, compacting the soil only by jolting the box repeatedly 
on the fioor during filling. Weigh out 30 per cent more soil than that contained in the 
first box and fill the second one by tamping firmly with a large wooden tamper each 
shovel of soil placed in the second box, using the entire amount. Plant seeds of sun¬ 
flower, wheat, or other plants in a little noncompacted surface soil in each container. 
It is best to use a single species in each box and to thin the plants to about eight well 
spaced individuals. Cover each container with a thin mulch of fine gravel. Water 
sparingly. When the plants are 3 to 4 weeks old, tilt the boxes at an angle of 45 
degrees, take off the sides, and remove the soil about the roots with an ice pick. 
Determine the depth of penetration, approximate number and spread of lateral roots, 
whether the taproot is straight or crooked, and any other points of interest. Make 
a drawing to scale of a typical root system from each environment, and suggest the 
reasons for the differences obtained. 

In heavy elay soil, the fleshy roots of beets, carrots, parsnips, etc., 
are often irregular and misshapen, as are also those of the sweet potato. 
Difficulty of root penetration of both main roots and branches is indicated 
by a tortuous course. The fleshy, cylindrical roots of native plants are 
sometimes flattened into bands in penetrating rock crevices. 

Response to Aeration. —The dependence of root development of most 
plants upon aeration is clearly shown by waterlogging the soil.^’-^^^ In 
a few days, the usual cultivated plants turn yellow, show wilting, and 
may ultimately die. But they may survive submergence for weeks, 
provided the water is kept well aerated. Even cranberries and blue¬ 
berries, which will stand submergence for months when inactive, are 
harmed by waterlogging the soil only 3 or 4 days in summer.^ Rice, 
too, at least in pot cultures, grows better when the soil is frequently 
irrigated and drained. The regular presence of air passages or aeren- 
chyma in amphibious and floating hydrophytes, as well as the often 
constantly optui stomata, indicates the importance of a supply of oxygen. 

In nutrient solutions, plants grow best where constant and thorough 
aeration is given. The superiority of roots grown in aerated cultures is 
shown not only by their greater weight but also by their greater extent 
and degree of branching229 (Fig. 152). 

Exclusion of oxygen from the roots of most plants interferes with the 
respiration of the protoplasm of the root cells, resulting in its death and 
the consequent failure of the roots to function as absorbers for the 
plant. The cessation of water intake is soon followed by the progres¬ 
sively decreasing turgor of the shoot and leaves and, finally, by wilting 
and death.®®® Roots respond somewhat differently to variations in the 
composition of the soil atmosphere.^-®*® Roots of the mesqiiite {Pro- 
sopis) continue growth for a considerable period of time in a soil atmos¬ 
phere containing less than 3 per cent oxygen, while those of a cactus 
(Opuntia) promptly cease growing. An increased air supply to the roots 
of certain species favors root branching and accelerates root growth*^ 
(Fig. 153). 
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Plants growing naturally in well drained soils are much more sensitive 
to the composition of the soil atmosphere than are those in poorly 
drained and poorly aerated habitats.^®® Certain deeply rooted species 



Fig. 162.—Roots of corn grown in water cultures, all al)out 6 weeks old. Those on 
the left were constantly aerated, those on the right not at all. The nonaerated ];)Innts 
had only 58 per cent as great a leaf surface and 55 per cent as great a dry weight as the 
aerated ones. 

like alfalfa are able to grow for a time in an atmosphere containing only 
2 per cent oxygen. It seems probable that one of the beneficial effects 
of good rains, especially in heavy soils, is the increased oxygen. Althougli 



Fig. 153.—Relative branching of roots of cattail: A, in saturated soil; B, in wot but drained 
soil; and C, in relatively dry soil. 

displacing the soil gases, rain water is a solution highly charged with 
oxygen and has a markedly stimulating effect upon growth. 

Orchard trees have been known to die from “puddling^’ of the soil 
and the resulting deficient aeration. Also, trees are sometimes killed by 
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cattle trampling and packing the ground above them to such a degree 
that the air supply in the soil is deficient. In heavy soils, such large 
quantities of carbon dioxide may be produced by a sod of grass roots 
growing under fruit trees that the trees and fruits do not develop nor¬ 
mally. It has been experimentally demonstrated that many plants 
respond to an increased carbon-dioxide content of soil by developing 
roots which are much shallower and more widely spreading in the surface 
soil. Carbon-dioxide content of garden soils may sometimes be so high 
as to be detrimental to the root development of some common species. 

A deep, well prepared seedbed is essential to good aeration, espe¬ 
cially in humid regions. It not only promotes plant growth directly 
by lightening and warming the soil and conserving moisture but also 
indirectly by promoting various biological activities, especially ammonifi- 
cation and nitrification. The preparation of a good seedbed as against 
none resulted in an increase in the yield of corn of 14.5 bushels per acre 
in Illinois.*^'^'^ Underdrainage has a very beneficial effect, since large 
quantities of air move into the interspaces formerly occupied by water. 

To Study the Effects of Aeration on the Growth of Roots and Root Hairs.—Secure 
rhizomes of Typha in early spring before growth has begun or in the fall after the 
soil has been thorougiily frozen. Select eight rliizomes 3 or 4 inches long with good 
growing points and remove all of the roots. Secure two containers 2 feet deep and 8 
to 12 inches in diameter. Place 2 inches of gravel in the bottom of each, after having 
perforated the bottom of one to afford good drainage. Fill both with screened 
potting soil. Plant the rhizomes about 3 inches deep, four in each container. Fill 
one container with water and by stirring somewhat, so that the air may escape, 
thoroughly saturate the soil and throughout the experiment maintain the water at a 
level 2 inches above the soil surface. Keep the second lot of soil w'ct at all times by 
flooding the surface on alternate days. Catch the water as it drains through in order 
to use it again. 

At the end of 3 or 4 weeks remove the sides of the containers, wash out the root 
systems, and compare them in regard to differentiation into water and soil roots, 
length, degree of branching, development of root hairs, etc. A third container with 
18 inches of dry soil overlaid with a 6-iiich layer of moist soil gives excellent compara¬ 
tive rcjsults. Explain the results secured. Wliich is controlling, water or air? 

Response to Temperature. —If other conditions are favorable, roots 
of various plants will grow at soil temperatures below 40 and as high 
as 120°F. Little is known of the most favorable temperature for root 
growth, but for many temperate crop plants it probably lies between 60 
and It seems probable that species with extensive roots in 

the surface layers of soil, e.p., cucurbits, cacti, etc., grow better at higher 
temperatures than those with deep roots. Certain cacti make their 
best root growth at a temperature of 93®F., although the rate of growth 
is also correlated with the length the root has already attained. It 
has been found in growing peas in water cultures that, if insolation is 
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not excessive, the amount of daily fluctuation of root temperature 
between 44 and 84®F. affected growth but little. 

Root growth occurs in certain native species at temperatures so low 
as to be distinctly unfavorable for others, as has been fully demonstrated. 
The shallow root habit of certain desert plants is thought to result from 
subsoil temperatures too low to promote root growth. The general 
distribution of many cacti seems closely related to the response of the 
roots to the temperature of the soil, although the effect of aeration is also a 
contributing factor. 

Root systems superficially placed are subject to temperature changes 
quite unlike those experienced by more deeply seated ones. That soil 
temperatures have an influence on general plant growth is shown by the 
practice of florists of using bottom heat for certain plants Cuttings 
often require definite soil temperatures for rooting. In some plants, 
considerable vegetative growth can be produced, despite unfavorable 
atmospheric conditions, by maintaining a soil temperature favorable to 
root development. 

In regions where plants grow in soil underlaid with a frozen sub¬ 
stratum, the decrease in temperature with depth must exert a profound 
effect upon root activities. Alternate freezing and thawing of a soil 
tears the roots and sometimes causes losses of 25 to 50 per cent among 
forest seedlings.-*^® Shallow-rooted plants may be heaved entirely out 
of the ground. P]xperiments have shown that there is a direct relation 
between resistance to winterkilling and the extensibility of roots of certain 
plants. The roots of certain perennial vegetable crops such as onions 
and beets were killed at winter soil temperatures of 34°F. and a new root 
system grown the following spring. Those of carrots partly died, but 
the root system of parsnips was unharmed.®^® 

Aeration and Soil Temperature. —Some fundamental relations exist 
among rate of root growth, aeration, and soil temperature.^’^ Under 
normal conditions of aeration, the rate of root growth is known to be 
influenced by soil temperatures in such a manner that there are three 
well defined temperatures for growth. Thevse are the maximum or 
highest temperature at which root growth is possible; the optimum, at 
which temperature growth is most rapid; and the minimum, below which 
it ceases. But under a diminished oxygen supply, these cardinal tem¬ 
peratures seem to be greatly modified. As the oxygen supply in the soil 
air is decreased, rate of growth diminishes in a soil with a high tempera¬ 
ture. For example, corn roots, in a soil atmosphere of 96.4 per cent 
nitrogen and only 3.6 per cent oxygen, at a temperature of 30®C., grow 
about one-third as rapidly as at the same temperature under normal 
conditions of aeration. But at 18^C., growth is increased to about 
two-thirds the normal rate at that temperature (t.e., 18®C.) when the soil 
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is well aerated. Similar results have been secured for cotton and other 
plants, which to attain a fair rate of growth at high soil temperatures 
must be in a well aerated soil; otherwise, the rate of growth is considerably 
reduced. 

Response to the Aerial Environment. —The environmental factors that 
affect the root are not only those of the soil immediately about it but 
also those affecting the shoot. Through the shoot the root system is 
influenced by the aerial environment. The amount of light or the 
degree of humidity, temperature, etc., affects root development, by its 
effect upon food manufacture, water loss, and other activities of the shoot. 
Plants adapted to shade or diffuse light, when grown in full sunshine, 
develop better root systems and thus meet the greater tmnspiration 
demands. The effect of light on the growth of roots has been further 
demonstrated in the case of white-pine seedlings. Darkness induces the 
growth of tall seedlings with poorly developed roots; diffuse light, the 
growth of shorter plants and longer roots; and full light produces short, 
stocky plants with long, branching roots. For example, seedlings of 
similar age grown in a Vermont nurseiy under full shade had unbranched 
taproots 3.5 centimeters long. Those grown in half shade were 4.5 
centimeters long and had the beginnings of laterals. Seedlings grown in 
full light had taproots 5.2 centimeters long and a lateral development of 
roots nearly seven times as great as those in half shade. Among 50 
seedlings excavated about 3 weeks later, the lengths of the root systems 
were 4.5, 8.2, and 13.8 centimeters and the total number of lateral 
branches 5, 143, and 468, respectively. 

RELATION OF ROOTS TO CULTURAL PRACTICES 

Root distribution and development are greatly modified by various 
cultural practices, but our knowledge is very incomplete and a great deal 
more experimental work should be done in this field. 

Transplanting. —Transplanting consists of lifting the plant from the 
medium in which its roots are established and replanting it in a different 
location. It is a violent operation, because the younger roots with their 
root hairs are, as a rule, torn away in the process of lifting. This is 
just the part of the root system that is most active in absorption. Taking 
up plants for transplanting results not only in breaking many of the roots 
but also especially in injury to the taproot. As a consequence, many new 
roots are formed. These do not grow so long as the original ones but 
form a more compact root mass about the base of the plant. Hence, 
the root system is less disturbed when the plant is finally transplanted 
into the field. Thus, although the root 83 r 8 tem of a transplanted plant 
may be less extensive than that of an undisturbed one, upon removal to 
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the field the transplanted plant carries more roots with it and, conse¬ 
quently, more readily reestablishes itself (Figs. 154 and 155). 

Nurserymen transplant trees and shrubs two or three times in order 
to force root development near the stem and thus to insure the pres- 



Fio. 154.—Cabbage seedlings not transplanted (left), and transplanted once and twiee 
respectively. Note the greater amounts of soil held by the roots of those that were 
transplanted. 


ervation of more young roots when the plants are lifted for shipment. 
Hence, they have a better chance for recovery when again set out. This 
explains why nursery-grown trees and shrubs usually survive trans¬ 
planting so much better than those secured from places where the roots 



Fio. 166.—Roots of plants shown in Fig. 154. 


have made their natural growth. Likewise, market gardeners find that 
transplanting young plants of cabbage, tomatoes, etc., while growing in 
cold frames, is a great advantage in assisting them to endure the final 
removal to open ground. 
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Effects of Transplanting. —Sow two flats of cabbage, tomatoes, peppers, or other 
easily transplanted crop. After 2 or 3 weeks, when the seedlings have the first pair 
of leaves well developed, transplant those from one flat to two similar ones, spacing 
the plants 2 inches apart. At the same time, thin those in the remaining flat so that 
they will be similarly spaced. Two weeks later, transplant the plants from one flat 
a second time, increasing the distance to 4 inches. After 2 weeks, determine (1) the 
effect of transplanting upon size of tops; (2) the amount of moist earth held by the 
roots w^hen the plants are lifted wuth a trowel; and (3) the root development as shown 
by carefully washing away the soil and floating the roots out in water in black trays. 
To what are to be ascribed the differences obtained? 

Transplanting is not beneficial in itself but only an expedient to grow 
plants out of their normal season or to give seedlings special care in 
cultivation, watering, protection from insects, etc. Experiments have 
clearly shown that the general effect of transplanting is to retard growth, 
delay fruiting, and reduce yield. The degree of retardation varies with 
the kind of plant, its age, and the conditions of transplanting. 

Certain species, e.g.j cabbage, tomatoes, and beets, easily survive 
transplanting, others, such as peppers, onions, and carrots, are trans¬ 
planted with more difficulty, and a third group consisting of com, beans, 
melons, etc., are very difficult to transplant successfully even at an early 
age. Plants of the first group retain a relatively large proiX)rtion of 
their root system when transplanted, a fact due, in part, to their network 
of fine braiK'hes; the retained roots arc much less suberized and, conse¬ 
quently, more efficient absorbers; and the rate of new root formation is 
much greater.Obviously, the soil into which plants are transplanted 
should be in excellent tilth and brought into firm contact with the well 
distributed roots. 

In the transplanting of trees, both depth and spacing should be given 
careful attention. If the roots are placed either too deep or too shallow, 
the plant is at a decided disadvantage. Proper spacing in forest planting 
is necessary to obtain well balanced and wind-firm root systems.^ 
Orchard and shade trees as well as trees planted for windbreaks are not 
infrequently so (dosely spaced that insufficient room for proper root 
development results in a marked decrease or actual cessation of growth. 
The time of transplanting and of early spring cultivation should also be 
considered in relation to root development. 

Correlation between Root and Shoot Development. —The mainte¬ 
nance of a proper balance between root and shoot is of very great impor¬ 
tance. If either is too limited or too great in extent, the other will not 
thrive. The root must be sufficiently wide spread to absorb enough water 
and nutrients for the stem and leaves, which, in turn, must manufacture 
suflScient food for the maintenance of the root system. It is a well 
established fact that grasses develop a better root system when they are 
undisturbed or mowed only Qflce or t^ce a year thah when they art? 
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closely and frequently grazed. In fact, one of the most important 
objects in the various systems of range and pasture management is to 
permit the seedling grasses to become well rooted before the tops are 
removed by grazing. Constant grazing starves the roots as does also too 
early and too frequent cutting of crops like alfalfa.®*^-®^ The absorbing 
area of the roots of winter wheat, exclusive of root hairs, increases 
rather uniformly with the transpiring area of the shoot and is constantly 

10 to 35 per cent greater.®®® 

In transplanting crops of various 
kinds, many of the roots of the 
young plants are necessarily destroyed. 
Hence, the top must be pruned back 
or the plant protected from excessive 
water loss until the balance between 
the absorbing and the transpiring 
systems is reestablished (Fig. 156). 

Pruning the tops retards root growth. 
Experiments with 3-year-old almond 
trees showed that the development of 
both the top and root system was 
inversely proportional to the severity of 
the pruning of tops. The spread of the 
roots was over a third greater where 
pnmiiig was light than where it was 
severe.®® Pruning back the vines of 
sweet potatoes greatly reduces the yield. 
The tops of large, transplanted blocks 
of prairie-grass sod wxu’e clipped fort¬ 
nightly during summer. Total dry 
weight of roots was usually reduced to 
about 10 per cent or less than that of 
undipped controls.®^ Clipping seedling 
grasses invariably retards root penetration, the extent of root injury 
depending upon the species and the frequency of clipping®®®*®®'^(Fig. 
120 ). 

Root Habits and Tillage. —Differences in growth and distribution of 
roots in the soil are responses to differences in physical and chemical 
conditions of the substratum in which they live. Tillage methods are a 
means of bringing about these changes. The depth of intertillagc exerts a 
marked effect upon root habit and often upon 3 deld. For the highest 
yields, cultivation should never be deep enough to injure the roots 
seriously. They should be allowed to occupy the richest portion of the 
soil, which is usually the furroyi^ slice. The proper type of cultivation is 



Fig. 156.—A properly pruned lilac 
{Syringa) about 6 weeks after trans¬ 
planting. The stem is about 2 feet high. 








Fig. 157.—Root system of a corn plant 8 weeks old. 
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deep enough to kill the weeds but shallow enough to reduce root injury to 
a minimum. A decrease of 2 to 8 bushels per acre in the 3 rield of com 
was brought about by deep cultivation in Illinois^®**® and a decrease of 13 
bushels in Missouri®®® (Fig. 157). 

Extensive experiments with corn, cotton, and various garden crops 
have shown that the chief benefit of cultivation is derived from keeping 
down weeds which compete with the crop. Where weeds are few or 
absent, tillage is of little or no benefit. The roots of nearly all crops so 
thoroughly permeate the surface soil that little water is lost by direct 
evaporation. Cultivation, if at all deep, will destroy many of the roots 
and the plant will be unable to utilize the nutrients in this the richest 
portion of the substratum. When the roots are cut they usually branch 
more profusely. 

It has been repeatedly demonstrated that mulching the soil and lack of 
tillage result in a marked growth of fibrous roots in the surface layers. 
Roots of fruit trees and other plants are often very superficial under a 
straw mulch.Irrigated trees under clean, shallow cultivation formed 
a thick mat of fibrous roots immediately below the soil mulch. Where 
they competed with grasses the roots were uniformly distributed to 
a depth of 2.5 feet. 

Depth of rooting can be controlled to a considerable extent by the 
use of cover crops or by intercropping. If the surface soil is depleted of 
its moisture by absorption, roots of both crops penetrate more deeply. 
The effect that one kind of plant may have upon the root habit of another 
by modifying soil conditions is well illustrated in the case of chaparral 
and Monterey pine at Carmel, Calif. The trees growing in an open 
stand among the shrubs died when the latter were cleared away. A new 
growth of pine, however, flourished on the same area. The chaparral 
had shaded the soil and lessened evaporation from its surface, and the 
dense layers of rootlets and accumulated humus held the moisture in the 
surface soil. Consequently, the trees were shallowly rooted and died of 
drought when the protecting cover was removed and the soil became 
desiccated. Seedling trees in the changed habitat evidently rooted more 
deeply.^® 

ROOT HABITS WITHIN THE COMMUNITY 

Since each plant association has its own particular climate of which the 
water relation is usually the controlling factor, it is not surprising that 
these vegetational units often reveal marked differences in the general or 
community root habit of at least the dominant species. These are most 
fully known in certain grassland associations and in the southwestern 
deserts, although valuable information is also available in other com¬ 
munities including serai stages in the Rocky Mountains. 
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The native plants of the true prairie of eastern Kansas, Nebraska, and 
Iowa have developed very efl&cient, widely spreading, and deeply pene¬ 
trating root systems. The bluestems {Andropogon), tall marsh grass 
{Spartina)j and wheat grasses {Agropyron) all have root systems which 
reach depths of 5 to 8 feet (Fig. 158). Those of June grass {Koeleria)y 
wild rye (Elymus)^ and needle grass {Stipa) are less extensive, i.e., 1.5 
to 5 feet. Many-flowered psoralea (Psoraka), wild licorice {Olycyrrhiza), 



Fia. 158.—Big bluestem {A'ndTopogon furcatua) and little blueetem (A. «eopartua). 
The white lines are meter sticks, and the other plant is false prairie boneset {Kuhnia ffluti- 
noaa) , with roots often extending to a depth of 15 feet or more. 


ground plum {Astragalus)j lead plant {Amorpha), and numerous sun¬ 
flowers, goldenrods, asters, mints, roses, etc., are all deeply rooted. 
Frequently, the taproot and its major branches reach depths of 8 to 12 
feet and depend little or not at all on the surface soil for moisture. 

Of 43 species selected as typically representative of the true prairie 
flora, only 14 per cent absorb almost entirely in the surface 2 feet of soil; 
21 per cent have roots extending well below 2 fe^ but seldom beyond 
5 feet; but 65 per cent have roots that reach depths quite below 5 feet, 
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a penetration of 8 to 12 feet being common and a maximum depth of 
over 20 feet sometimes being attained.^® In this association there Ls 
sufficient rainfall to wet the soil very deeply, but it is not too wet for good 
aeration, while aerial conditions promote high transpiration. Root 
depth of many species is less in the prairies of Illinois.®^* 

The roots of prairie species are grouped into about three more or less 
definite absorbing layers, many of the more deeply rooted species having 
few or no absorbing roots in the first foot or two of soil. The layering of 



Fia. It59.—Blue grama {Bouteloua (fracilis) and wire grass (Arwtida purjmrea). 


the roots reduces competition and permits the growth of a larger number 
of species. Little relation between layering and seasonal activity is 
apparent, however. The periods of most active growth and flower 
production of plants rooted at various levels occur synchronously. 

On hard-loam soils of the short-grass disclimax of western Nebraska 
and Kansas and eastern Colorado, a distinctly different type of com¬ 
munity root habit occurs. Because of the low precipitation and high 
runoff, only the surface 18 to 24 inches of soil is regularly moist. Absorp¬ 
tion by the minutely and profusely branched fibrous roots of the dominant 
short grasses, i.e., blue grama (Bouteloua gracilis), buffalo grass (Buchloe), 
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Fig. IGO,—Buffalo i^ass {Buchloe dactylMes) and loco weed {Oxytropin lamherti) in mixed 

prairie. 
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Muhlenberg’s ring grass {Muhlevhergia torreyi), and hairy grama {Boute- 
loua hirsiLta), is confined usually to the surface 1.5 to 2 feet of soil (Fig. 
159). This is true, also, for numerous annuals, and the cacti are notably 
shallow-rooted, spreading many feet just beneath the surface of the soil 
(Fig. 222). All these species are well fitted to absorb vigorously follow¬ 
ing light showers, because of the widely spreading shallow roots, a 
character little in evidence in the true prairie. Where, because of 
run-in, rodent burrows, or sandier soil, water penetration is deeper, ground 
plum, loco weed {Oxytropis lamherti), Psoralea tenuijloraj and a few other 
more deeply rooted species sparingly occur. 

In the mixed-prairie association, where conditions are intermediate, 
dry soil often occurs at depths of 4 to 5 feet, and the short grasses pene¬ 
trate more deeply. The roots of species common also to the true 
prairie are abbreviated in depth. This is usually correlated with the 
development of a more or less extensive surface-absorbing system. 
Thus, the root habits are intermediate between those of true prairie 
and the short-grass disclimax® (Fig. 160). 

The effect of soil type in relation to water penetration may greatly 
modify the kind of vegetation and depth of root penetration within an 
area of equal rainfall. In eastern Colorado, for example, under 17 inches 
rainfall, conditions typical of short-grass disclimax occur on hard loam soils. 
But where the soil becomes more sandy, water penetration is greater and 
more deeply rooted grasses, e,g., wire grass {Aristida) and other species, 
become dominant. Where the substratum is nearly pure sand, runoff 
is practically nil, and water penetration reaches a maximum. Here the 
very deeply rooted bunch grasses, Andropogon hallii^ A. scoparius^ sand 
reed {Calamovilfd)^ etc., dominate. Many other very deeply rooted 
herbs also occur, both vegetation and root habit being markedly different 
from that on sandy loam soil (Fig. 161). 

The Palouse (Agropyron-Festuca) prairie of the Pacific northwest 
grows under a moderate winter and low summer precipitation of about 23 
inches annually. The silt loam soils are usually deep and have a high 
water-retaining power. In early summer, the surface-soil layers lose 
all of their available water, a fact indicated by the early maturing of the 
dominant, Festuca ovina, and certain other shallow-rooted grasses (Fig. 
143). As the season advances, drought occurs in the deeper soil, the 
subsoil usually being quite thoroughly depleted of its moisture. Blue- 
bunch wheat grass {Agropyron spicatum), another dominant, matures 
early, dries out in July, but renews growth upon the advent of the autumn 
rains. Little provision is made for absorption in the surface soil, the root 
system penetrating to about 4 feet. Many of the other species absorb 
in the first 4 to 6 feet of soil; a few penetrate more deeply. Nearly all 
mature by midsummer, late blooming grasses being noticeably absent. 
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Under the same Great Basin type of rainfall but where it is only 16 
inches or less in amount and falls upon a deep, pervious soil, conditions 



Fio. 161.—Root Bsrsteni of sand hill blueatem (Andropogon haUii). 

are less favorable to the growth of grasses. Here the vegetation con¬ 
stitutes the ArtemisiohAtriplex or Basin sagebmsh association. The 
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sagebrush {Artemisia tridentata) has a taproot system which branches 
widely and penetrates to a depth of 5 to 11 feet. It also has a highly 
developed system of laterals for absorption in the shallower soil (Fig. 162). 
Shad scale {Atriplex confertifolia) is likewise well provided with a root 
system excellently adapted to absorb both in the shallow and in the deep 
soil. These dominants are illustrative of many other shrubby, half 
shrubby, and perennial, herbaceous species of the Great Basin. 



Ficj. 162.—Sagebrush (Artemisia tridentata) showing generalized type of root system 
with deep taproot and widely spreading laterals, many of which are in the surface soil. 
{After Kearney^ et al.) 


Root systems of annual plants in the desert scrub association, e.g., 
about Tucson, Ariz., are all quite shallow. Most of them do not pene¬ 
trate to depths greater than 8 inches. Here the precipitation is only 
about 11 inches annually and there are two rainy seasons, one in summer, 
another in winter. Winter annuals are, in general, characterized by 
a prominently developed taproot and a meager development of laterals. 
Roots of summer annuals penetrate to about the same depth, but the 
lateral branches are much more prominent and the total absorbing surface 
greater. This is apparently correlated with the more rapid growth and 








RELATION OF UNDERGROUND PLANT PARTS 321 

greater transpiring surface of the latter. The perennials have three types 
of root systems: (1) the generalized type, where both taproot and laterals 
are well developed creosote bush, Covillea, and mesquite, Prosopis); 
a specialized type (2), with strong development of taproot and few 
branches, such as Ephedra^ or (3), with laterals very highly developed, as 
in most cacti. On the upland the roots do not penetrate, as a rule, deeper 
than 12 inches, the depth of available soil. Those on the flood plains 
reach depths of 6 to 16 feet or more. Perennials with the generalized 
type of root system have the widest local distribution, and those with the 
pronounced development of the taproot have the most limited. In 
general, there is a tendency to form three layers of roots in the soil, the 
uppermost of annuals, followed closely by the root layer of cacti and a 
much broader, deep(^r-seated layer composed of taproot systems with or 
without prominent laterals. The wide spread of laterals in many of the 
dominants explains the characteristic open spacing of the desert scrub 
and the bushlike habit. 

Little is known of the root extent of mature trees in forests.'^^ '®^ ®"" 
It seems very probable, how^ever, that under the relatively high rainfall 
necessary for the development of deciduous forests, for example, the 
subsoil is often quite too moist and consequently too poorly aerated for 
deep root penetration.*^ Both the sliade from the forest cover and the 
surface mulch of litter, moreover, tend to prevent evaporation and 
promote the thorough occupancy of the surface soil by roots. It seems 
probable that the bulk of the roots of the plants of the deciduous forest 
may occur in the surface 1 to 3 feet, but where the trees grow" on well 
drained uplands much greater depths are attained.*®- 

A Study of the Root Habits of Plants.—A thorouKh study of the entire root 
system of even a single plant i.s usually a laborious, tiine-eonsuining process,^®® but 
many facts of ecological interest and importance may be leanied in the course of the 
regular field work. A spade and hand pick, one end of which is drawn out to a sharp 
point, and an ice pick should be a part of the field equipment. Examine and compare 
the relative coarseness or fineness of the roots of grasses which are adapted to low, 
moist soil and dry, upland soil, respectively. Follow the rhizomes of various sod- 
forming grasses and ascertain the distribution of the roots upon them. Examine the 
underground parts in the surface soil of various herbaceous species that form dense 
societies. Study the nature of the shallower roots of various legumes, composites, 
etc. Do all absorb in the surface soil ? The roots of seedlings should also be examined, 
especially those of trees. Do they show any adaptations to thrive in moist or dry 
soil? Examination of the roots of beech, oaks, etc., will reveal an intimate fungus- 
root relation known as mycorrhiza (p. 329). In freshly cut banks along roadways, 
railway cuts, eroding streams, etc., it is usually possible to examine root penetration 
and distribution to great depths. Are the native plants of your region deeply rooted? 
Can you discover to what depths various field and garden crops penetrate and how 
widely the roots spread ?*77 ,b 73 'VVIiat factors are concerned in the behavior in different 
habitats? 
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ROOT HAIRS AND FACTORS AFFECTING THEIR DEVELOPMENT 

The formation of root hairs in plants possessing them is apparently 
not a morphological necessity, as are other organs or tissues, but seems 
to be related to the direct influence of some factors of the environment, 
especially water content and oxygen supply,^®® Some aquatic angio- 
Bperms and several gymnosperms such as the firs {Abies)^ redwood 
(Sequoia), and Scotch pine (Pinus sylvestris) produce no root hairs. 
On the other hand, certain plants that grow in very dry places (e.g., 
pifion pine) produce root hairs that have thick, lignified walls, that 
persist for several months or even years.®*® Others such as redbud 
(Cercis canaxiensis), honey locust (Gleditsia triacanthos), Kentucky coffc^c 
tree (Gymnocladus dioica), as wx'll as a rather large number of (!omposites, 
have root hairs of several years’ duration.®*^ It seems probable that in 
all of these cases the habit of producing thick-walled root hairs was formed 
at a time when these species grew only in very dry situations. 

In roots that are permanently hairy, the root-hair zone may be 
general or limited to either the distal or proximal region of the root. 
Where root hairs persist in either herbs or trees, there is little or no 
secondary thickening of the root. In most plants, the initiation of a 
layer of periderm or cork marks the end of absorption, but this begins to 
form only after the root hairs cease to function. In the roots of most 
grasses, both the epidermis and fleshy cortex may slough off, except tlie 
innermost layer or endodermis. It becomes cutinized or subc»rized and 
the roots af)pear dead. The deeper portions, however, are (‘lothed witli 
root hairs that are absorbing vigorously, although the older portion of 
the root system is serving merely for anchorag(5 and conduction. 

The absorbing area of the root is greatly increased by the growili 
of root hairs.®*®® For example, in the corn plant it has been calculated 
that the area is 5.5 times that of a hairless root of similar size; in garden 
peas, 12.4 times, and in certain other plants, as much as 18 times.’^*® 
It is not surprising, therefore, that the amount of water and air in the 
soil has a marked effect upon the deveiopment of root hairs.The 
root-hair zone, though often only a few- millimeters long, may extend 
through distances of many centimeters, especially on rapidly growing 
plants in moist soil. The length of life of an ordinary root hair is, in 
part, moreover, dependent upon the environment. In dry soil it is 
shorter; in w^ell aerated, moist soil, of longer duration; and the root-hair 
zone may be 2 or more feet in length. Both air roots and water roots are 
commonly without hairs, although root hairs on some plants are readily 
produced either in a saturated atmosphere or in an aqueous medium 
provided that calcium is present in the latter. Hairs an* more 
abuncLapt, even in tlie same species, in soil beneath flowing water than 



RELATION OF UNDERGROUND PLANT PARTS 


323 


where the water is standing. This is in accord with the fact that oxygen 
is necessary for the development of root hairs, and their usual absence or 
weak development in ponds or swamps is due, in part, to low oxygen 
content. In moderately moist soils, the roots of many plants are almost 
woolly with root hairs, there are fewer in wet soil, and usually none in 
water. Of course, if soils become very dry, both root hairs and young 
rootlets die. Root-hair development may also be retarded by a very 
concentrated soil solution such as occurs in saline soils. Extremes of 
temperature are also inimical to tludr growth. They develop in the 
light and dark about equally well, provided there is ample moisture. 

The intimate contact of root hairs with the water and solutes that 
form a film around the soil particles is due to the presence of mucilaginous 
materials in the outer lamella of the wrall, which in some plants has been 
shown to be pectin mucilage.'*^**^^*® Hence, the high efficiency of root 
hairs as absorbing organs. The osmotic concentration within the root 
hairs varies with the medium in wiiich they g^ow^ It is least wiiere water 
is abundant, often only 3 to 4 atmospheres. This, however, is much 
greater than the osmotic pressure of the soil solution which is only 0.2 


to 1 atmosphere in ordinary agricul¬ 
tural soils. Osmotic pressure within 
the root hairs increases as the soil 
btjcomes drier or in plants adapted to 
dry and esi)ecially saline habitats to 
many times that amount.The 
osmotic pressure may, moreover, be 
increased by increasing the rate of 
transpiration. 

UNDERGROUND STEMS AND ROOT 
OFFSHOOTS 

Aside from absorption and anchor¬ 



age, other activities of underground Fig. 163.—Propagation by stolons, bufifalo 
f , , , grass {Buchlop). 

plant parts are storage and propaga- 

tion.“® Vegetative reproduction is very largely by stems of which the 


commonest and most efficient type is the rhizome, although tubers, 


bulbs, conns, and root offshoots also play an important part (Figs. 163 
and 164). These same organs are frequently enlarged and serve for food 
accumulation, especially in perennial herbs, where the aboveground parts 
die at the end of the growing season. These underground parts are 
not confined to plants of a particular habitat but occur widely in swamps, 
woodlands, grasslands, and sandy wastes. Usually, however, they are 
larger and thicker, especially rhizomes, in species inhabiting swamps or 
moist soil and finer and often shorter in harder or drier soil.^*' 
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Some rhizomes may compose the entire stem system, e.gr., various 
violets and most ferns, in which case they give rise to aerial leaves, 
but usually they bear only scale leaves. They may be simple or 
only slightly branched, as in Solomon’s-seal {Polygonatum) and certain 
rushes Juncus haUicus). Each season the younger portions extend 

a few inches forward, the older parts frequently decaying. This gives 
rise to linear migration by which the plant invades new areas. Where 
several shoots develop each year, the line of migration is clearly evident 
(Fig. 78). More commonly, rhizomes are greatly branched and grow in 
all directions from the parent area. The result of this radial migration 
is to form more or less symmetrical communities, the central portions of 



Fia. 164.—Propagation by underground Btems, wi n ter green (P//rt)ia efUarantha). 

which may be unoccupied by the particular species. The decay of the 
older portions in branched rhizomes results in the multiplication of 
individuals. This, however, is not so important as the advance into new 
territory. 

By means of rhizomes and root offshoots, plants may invade closed 
communities, such as grassland, where propagation by seeds or stolons 
would be difficult or impossible. It is in this effective manner that 
many shrubs and half-shrubs extend their area of occupation, e.g., 
coralberry (Symphoricarpos), hazelnut (Corylus), rose {Rosa), and nine- 
bark {Opulaster) (Fig. 73). The rhizomes of sumac {Rhus glabra) are 
often 25 feet long. Various species of willows, poplars, plums, and the 
osage orange spread widely by means of root offshoots. 

Many of the longest and best developed rhizomes are found among 
plants growing in loose, sandy soil. Here the elongated, sharp-pointed 
buds penetrate the substratum with ease. In general, rhizomes grow 
parallel to the soil surface at a depth of a few inches, varying with the 
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species. Where they are covered with shifting sand, the rhizomes ascend, 
sometimes vertically, producing roots abundantly* When soil is removed, 
they descend to the proper level. Thus, the surface 1 to 2 feet of sand 
hills or dunes may contain a tangled mat of rhizomes and roots of sand¬ 
binding species, especially grasses. In Redfieldia the much branched 
stems are frequently 20 to 40 feet long and sometimes buried 4 feet deep 
(Fig. 165). 

Sod-forming grasses, carices, and rushes, e,g., bluegrass, sedges, and 
spike rush have the rhizome habit well developed. But in bunch grasses 



Fig. 165.—Rhizomos and roots of Redfieldia flexuoaa; the plant on the left has been buried 

to a depth of nearly 4 feet. 


like orchard grass, certain wheat grasses, etc., the stem grows up parallel 
with the parent culm until it emerges from the axillary sheath. Some 
species, such as little bluestem, form a sod under favorable conditions of 
water content but resort to the bunch habit where the soil is dry. Many 
goidenrods, sunflowers, yuccas, asters, mints, and sages migrate by means 
of rhizomes. 

In bogs, because of little mechanical resistance, the underground parts 
are remarkably straight, and in both bogs and swamps the depth of 
penetration is often limited by the water level. The thick, coarse 
rhizomes of cattails, arrowheads, swamp recMl, great bulrush, etc., 
however, grow at depths of 3 to 12 inches, often below the water table,*®® 
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Such rhizomes, like roots which grow below water, are very rich in 
aerenchyma. Stems of certain woody species, such as water willow 
(Decodon), produce aerenchyma upon coming in contact with water, but 
most woody species such as willows, birches, and alders have little or none. 

The hollow rhizomes of Phragmitea occur from near the soil surface 
□ften to a depth of 18 inches. Those of Typha^ Sagittaria, and Polyg¬ 
onum occupy the soil at various levels. Differences in the depth of 
rhizomes in swamps and the degree to which they occupy the soil have 
led to classification into competitive and complementary communities. 
Since there is still much unoccupied space, and no competition for water 
or dissolved nutrients (although air may be deficient), light and not room 
underground appears to be the controlling factor. 

Although tubers, conns, an,d bulbs are excellent organs for food 
accumulation and protection of growing points during cold or drought, 
they are much inferior to rliizomes as organs of propagation. This is 
because of their slight elongation and consequent lack of migration. 

SOIL ORGANISMS 

The soil is not a mass of inert inorganic material. It is the home of 
countless billions of microorganisms—bacteria, fungi, algae, and protozoa 
-which throng its dark passageways. Earthworms, insects, et(!., and 
numerous burrowing animals find in it food or shelter. A single gram 
of loam from the surface soil may contain 14,000,000 to 58,000,000 bac¬ 
teria, and in some soils even at a depth of 3 feet, as many as 37,000 per 
gram have been found.The mycelia of fungi permeate soils, espe¬ 
cially those rich in humus. The toadstools and puffballs of forest and 
grassland are most conspicuous, but hundreds of species of smaller, mold¬ 
like forms occur in countless numbers. Algae are frequently abundant. 
Protozoa are common in most soils, and sojnetimes a gram of soil may 
contain as many as 10,000 to 2,000,000 individuals. Many of these feed 
chiefly upon soil bacteria.’'^^ 

The Relation to Nitrogen. —Among this vast assemblage of dwellers in 
the soil, certain groups deserve especial mention, since they are concerned 
very directly with the supply of nitrogen, a constituent of the iirotoplasm 
and a substance most indispensable to plants. The ammonia liberated 
in the breaking down of proteins, a process called ammonification, is 
oxidized to nitrites by certain kinds of bacteria (Nitrosomonas and 
Nitrosococcus). The nitrites are further oxidized by other bacteria 
(Nitrobacter) to nitrates, which is the form of nitrogen most favorable to 
green plants. The process of nitrification is exceedingly important since 
plants cannot use nitrogen from the abundant supply in the air but must 
rely entirely upon compounds absorbed in solution through the roots. 
Hence, the presence of mineral salts containing combined nitrogen is a 
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factor of great importance in soil productiveness. Since the supply of 
nitrates is constantly diminished by leaching and absorption by plants, 
its renewal is imperative. 

Several species of soil bacteria functioning independently of higher 
plants possess the power of taking the free nitrogen from the air and 
incorporating it into organic compounds. In this way, much nitrogen 
is added to the soil. A gain of from 25 to 40 pounds per acre per year 
has been determined by different investigators. Both nitrifying and 
nitrogen-fixing bacteria thrive in the humus, and it is largely due to 
their activitie^s that soils containing much humus are so productive. 

Nitrifying and nitrogen-fixing bacteria, like all other soil organisms, 
are profoundly affected in their activities by the environment. Acidity of 
the soil has an important effect upon bacterial processes. It may increase 
to such a point that the decomposition of plant tissues is hindered, a layer 
of peat being formed similar to that developed under poor aeration. The 
degree of acidity that is toxic varies greatly with different species, 
nitrifying and nitrogen-fixing bacteria being very intolerant of acidity. 
Extreme alkalinity is also detrimental. The water content of soil and the 
temperature likewise exert a profound effect. Most soil bacteria do not 
become active until temperatures of 45 to 50°F. are attained. In one 
experiment, the amount of nitric nitrogen produced per acre in a period 
of 3 weeks was 3.6 pounds at 44°F., 17.8 pounds at 78®F., 46.6 pounds at 
94®F., but only 10.8 pounds at 111°F. Under favorable temperature, only 
2.8 pounds were formed in dry soil and 8.2 pounds in one of medium 
water content, but 29.6 pounds per acre during a similar 3-week period 
where the water content was very favorable.’^® Much larger quantities 
are, moreover, produced in rich than in poor, eroded soils. 

Among certain plants, notably the legumes, which are very rich in 
nitrogenous compounds, a close relationship exists betw een other species 
of nitrogen-fixing bacteria and the roots. Here, the bacteria are found in 
the root nodules as on clovers and alfalfa.*^^*^ From 40 to ovct 250 pounds 
of nitrogen per acre may thus be added to the soil in a single season 
through the activities of these bacteria. This explains why the practice 
of growring leguminous crops and plowing them under as green manure 
has such a stimulating effect upon the growth of succeeding crops. The 
occurrence of legumes and other nodule-bearing plants among native 
vegetation is undoubtedly of great significance in maintaining soil fertil¬ 
ity. Nodules reach their best development in neutral or nearly neutral 
soils which are not too rich in nitrates.®*^ 

Experiments with the development of nodules on legumes have shown 
that they become much larger when soil temperatures are most favorable. 
In the soybean, a consistent increase in dry w^eight of nodules occurred as 
the soil temperature increased from 15 to 24®C. At higher temperaT 
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tures, a progressive decrease occurred. Alfalfa, red clover, and field 
peas likewise gave a maximum nodule production at a soil temperature of 
about 24rC.^^ 

Relation to Disease. —The soil factors exercise a strong influence upon 
the development and expression of disease.^^’-^* Many diseases, such as 
chlorosis of tobacco, pineapple, coniferous seedlings, etc., are due to the 
deficiency or unavailability of sufficient magnesium or iron. Yellow 
berry of wheat is caused by a low available supply of nitrogen.^^ Potash 
hunger of potatoes results in discoloration of the foliage, wilting, etc. 
Disease may be caused by an excess supply of nitrates, calcium, or 
magnesium salts or a disturbed water or air relation. Blossom-end rot of 
tomatoes, for example, is due to drought,and straight head of rice prob¬ 
ably to poor aeration. Soil temperature is an extremely important 
environmental factor since it has a marked effect upon disease-producing 
organisms. 

Frequently, the influence of environmental factors on the host seems 
to be the fundamental cause of susceptibility to disease. Proper soil 
and other conditions for a vigorous development of root and shoot are 
desirable. Com and wheat seedlings, for example, are sheathed at the 
outset with p^ote(^iive coverings, chiefly of pectic substances, through 
which invasions of soil organisms may rather easily take place. But in 
normally balanced seedling development, the cell membranes of the 
protective coverings pass quickly to a condition of maturity where 
celluloses and even lignin or suberin predominate. Thus, because of 
chemical changes in the cell walls, the tissues which were subject to 
invasion change rapidly so that they become relatively resistant. The 
soil and air temperatures that promote this normal balancjed seedling 
development vary with the crop. In wheat, for example, they are 
low, but in corn, much higher. 

It has been clearly demonstrated that many soil-borne diseases are 
conditioned in their occurrence by the factor of soil temperature. Cab¬ 
bage yellows,flax wilt,®^''’ tomato wilt,^^** and tobacco root rot^®® are 
examples of diseases caused by soil-inhabiting fun^ gaining entrance 
to the host plant through the root system. In each case, the disease 
has been experimentally developed in destmetiveness ranging consistently 
from 0 to 100 per cent of the crop by changing the single factor of soil 
temperature.^** The temperature ranges employed were well within 
those reasonably congenial to the respective hosts (Fig. 166). For 
example, flax wilt, which, like the wilt of cabbage and tomato, is favored 
by a high temperature, gives extreme development of disease at 24 to 
28®C. but none above 38 or below 14°C.^®* Conversely, tobacco root-rot 
development is favored by lower soil temperatures, the most favorable 
range being between 17 and 23®C.^*® 
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The regional distribution of a plant disease is sometimes determined 
by temperature. The presence of onion smut, for example, is dependent 
upon the soil temperature during the seedling stage of the growth of the 
host. Infection and development of smut are favored by relatively low 
temperatures and inhibited by high ones, with 29°C. as approximately 
the critical point. Hence, though common in the north, it is almost 
unknown in the south, although annually introduced with northern 
grown bulbs.In the Pacific northwest, soil temperatures of 0 to 5°C. 
are decidedly unfavorable to successful infection of wheat by stinking 
smut. This holds, also, for temperatures higher than 22®C., while 15 to 
22°C. are optimum for its development. 

The soil reaction often exerts a controlling effect upon disease-produc¬ 
ing organisms. The slime mold (Plasmodiophora hrassicae), which pro- 



Fiq. 166 .- -Graphs showing the relation of temperature to the development of cabbage 
yellows. (After Jones, H oZ.) 

duces clubroot of cabbage and other crucifers, is most injurious in acid 
soils. By the addition of lime, the soil becomes a more favorable habitat 
for the roots of the host but much less so for the parasite. The fungus 
{Gihberella saubinetti) producing wheat scab does little or no harm at 
pH 5.5. A potato-scab fungus (Oospora) is less tolerant of acid soil than 
is its host. Consequently, potatoes can be grown well in certain soils and 
remain entirely free from attack. Some of the most important problems 
of plant pathology deal with the relation of environmental factors to the 
occurrence and severity of disease. 

Mycorrhiza.—In many plants such as the pines, oaks, orchids, and 
many ericads, fungi are habitually associated with the roots. A 
mycorrhiza (i.e., fungus root) is a structure composed of root and fungus. 
If the fungal mycelium occurs on the outside of the root and between its 
cells, as on many oaks, hickories, pines, beech, etc., the mycorrhiza is 
ectotrophic (i.e., nourished outside). In an endotrophic mycorrhiza 
(^.e., nourished within), as in red maple {Acer rubrum), orchids, many 
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Ericaceae, etc., the fungus occurs inside the root where certain cortical 
cells usually contain closely interwoven clumps of hyphae which often 
enfold the nucleus. The root hairs, which are usually sparse, may also 
be filled with hyphae’^^*^^® (Fig. 167). 

Ectotrophic mycorrhizas are caused by many kinds of fungi, those on 
forest trees apparently always by Basidiomycetos, many having been 
synthesized experimentally.The hyphae of the mushroom pene¬ 
trate the outer cell walls of the rootlet and often split them by dissolving 
the middle lamella. They then continue to grow until they develop a 
fungus mantle vrhich completely envelops the rootlet. Simultaneously, 
branches of the mycelium penetrate between the outer cortical cells 
of the rootlets, causing the walls to split and the cells to be pushed apart. 
Since further elongation of the rootlet is inhibited by the fungus mantle, 
excessive branching is induced. The branches also are soon infected and 



Fig. 167.—Cross section of ectotrophic mycorrhiza on red spruce {Picea rubra) , and an 
endotrophic mycorrhiza on red maple {Acer ruhrum). {After McDougall.) 

covered by the fungus, and, consequently, most plants showing a good 
development of mycorrhiza have roots that are short and thick and 
present a coral-like appearance (Fig. 168). 

They vary in color, depending upon the kind of fungus, from white to 
bright yellow, brick red, or dark browm. They usually occur only 
in the upper layer of humus-filled soil on the smallest rootlets, the 
hyphae composing the fungal root mantle connecting with the mycelia 
that permeate the humus. A single tree may show’ three or four kinds 
of mycorrhizas differing in form, size, color, and texture, but each 
is due to a different fungus. More usually, only a certain species of 
fungus appears always to be associated with a particular tree species. 
Only a small portion of the root system may bear mycorrhiza, but 
here root hairs are few or wanting, or, at the other extreme, as in the 
Indian pipe {Moiiotropa uniflora) ^ the entire root system is compacted 
into a clump of fungus mycelium and does hot come in contact with the 
soil at all. 

Endotrophic mycorrhizas are best known in the Orchidaceaej Ericaceaef 
and GerUianaceaeJ^^ The rootlets containing the fungus are sometimes 
transformed into beadlike galls. In most cases, the fungi concerned are 
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apparently not Basidiomycetes but microscopic molds, for the most part 
not well known. Apparently, they are specialized forms rather than 
ordinary soil fungi. Many orchids are entirely dependent upon mycor- 
rhizal fungi. Under natural conditions, the seeds of some orchids do not 
germinate unless infected by mycorrhizal fungi, although germination may 
be brought about artificially by the addition of appropriate culture media, 
e.g.y those containing fructose. In other species, the seeds germinate but 
do not develop beyond the seedling stage unless they become infected 
with the proper kind of fungus. Orchid roots are characteristically fleshy 
and tuberlike. They differ much more from ordinary roots than those 



associated with ectotrophic fungi. Some plants, as Corallorrhiza and 
EpipogoUj have no roots, the underground parts consisting entirely of 
branched, fungus-infested rhizomes. Endotrophic mycorrhizas are com¬ 
mon also among the Ericaceae, certain genera such as Vaccinium, Calluna, 
and Rhododendron being more or loss dependent upon mycorrhizal fungi. 
Since the fungi can grow only in an acid substratum, these higher plants 
can flourish only in an acid soil. 

Distribution and Signijicance. —Mycorrhizas are of extremely wide 
distribution and of common occurrence.^^^ Mycorrhizal fungi have been 
recorded for every group of chlorophyll-bearing plants except the algae. 
Even the cultivated cereals have been added to the constantly growing 
list. An extended survey of natural forest environments in North 
America and Northern Europe has shown that about 95 per cent of all' 
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tree roots are normally mycorrhizal.^'****’’*''^ MycorrbizaS are associated 
abundantly with plants rooted in forest mold. They aJre rare in water 
and wet soil, except in bogs where organic matter is abundant. They 
are especially common on bulbous and tuberous plants. 

Many investigators consider the relation of the fungus to higher plants 
one of parasitism, a relationship which seems clearly evident in some 
species, such as certain orchids. On the other hand, some higher plants, 
e.g., the colorless Jlfonoiropo unijlora, appear to be parasitic upon the 
fungus. Much experimental evidence, however, points to the conclusion 
that among many species and particularly coniferous forest trees, mycor- 
rhizas exhibit a symbiotic relationship.®**-’*® Experimental evidence 
supports the belief that the fungus appropriates carbon compounds 
from the green plant and may also be benefited by certain other sub¬ 
stances. On the other hand, it is well known that forest humus is low in 
nitrates, particularly if the reaction is acid. In such acid soils, where 
the nitrogen supplies exist in the form of organic compounds of relatively 
complex type, coniferous mycorrhizas abound. Experiments show that 
on such soils tree growth with mycorrhiza is much greater than without, 
the fungi making the nitrogen readily available for the trees. The fungi, 
moreover, apparently absorb certain salts more readily than do root hairs. 
If either nitrogen, potassium, phosphorus, or calcium is available in less 
than optimum quantities, as is usual in forest soils, mycorrhizas become 
very abundant. Thus, it seems that mycorrhizas possess a vital signifi¬ 
cance for trees and other plants.®*® Widespread failures of tree seedlings 
in nurseries as well as pure culture experiments involving the use of 
mycorrhizal fungi for inoculating soils clearly indicate that trees are often 
incapable of existing in the absence of mycorrhiza.®*®-***“-*®*“ 



CHAPTER XII 

HUMIDITY, WIND, AND EVAPORATION 

The habitat, i.e., the kind of place in which plants grow, is marked 
by development similar to that of the formation. When, moreover, the 
plants within a community are examined as individuals, it soon becomes 
apparent that life conditions within the common habitat of the commu¬ 
nity are much diversified. Plants growing side by side {e.g., bluegrass and 
goldenrod or bur reed and water plantain) are not subject to exactly the 
same conditions. The immediate environment of the two may differ 
more or less as to water content, nutrients, light, temperature, humidity, 
wind, and other factors. Furthermore, if the environment of a single 
species is critically examined, it will usually be found to be far from 
uniform. During the early stages of development, seedlings, especially 
of trees and other tall-growing plants, and rosette forms, as those of 
evening primrose, occupy a very different habitat from that of the 
mature plants of these species. This is true both above and below 
ground, for soils are usually very different with increasing depth as regards 
water content, nutrients, aeration, etc., and the developing root, like the 
shoot, lives in several layers.'®*^ Thus, the term habitat has come to 
have both a general and a more limited and specific meaning. 

Factors of the Habitat.—Every part of the environment that exerts 
directly or otherwise a specific influence upon the life of the plant is a 
factor of the habitat. The habitat is a complex in which a factor acts 
upon other factors and is, in turn, acted upon by them. Plants show the 
effects of an increase or a decrease in factors by functional responses (e.g., 
decreased photosynthetic activity in shade), by differences in growth, and 
by changes in structure. Species vary widely in the nature and degree of 
response. Only certain factors are the direct causes oI plant response, 
while others affect the plant only through these. Water, humidity, 
light, temperature, solutes, and soil air are direct factors of first impor¬ 
tance because of their variation from habitat to habitat. Temperature 
may also act indirectly. Other direct factors, such as carbon dioxide, 
oxygen, and gravity, are negligible because of their constancy. 

Habitat factors fall naturally into three ^oups: (1) those that affect 
the activities of the plants directly; (2) those that exert an indirect effect; 
and (3) those whose effect is only remote and is exerted usually through 
an indirect factor. This grouping does not include the so-called biotic 
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factors which are of such diverse nature that they are considered sepa' 
rately under coactions. 

DinvcT Factors 
Water content 
Humidity 
Light 

Temperature 
Solutes 
Soil air 

Absorption is primarily dependent upon water content, transpiration 
upon humidity and temperature, and photosynthesis upon light. Solutes 
directly affect plant nutrition, and soil air is essential for respiration oi 
most roots. Precipitation and soil composition indirectly affect absorp¬ 
tion by modifying water content. Atmospheric pressure and wind 
indirectly affect transpiration, wind through its influence upon humidity. 
The physiographic factors are all remotely related to vegetation. Slope 
and surface modify water content through tlieir effect upon precipitation 
and runoff. Altitude, acting through temperature and precipitation, 
modifies humidity. Light is reduced in cloudy regions, a condition fnv 
quently resulting from the t^ffeet of altitude and slope on temperature and 
wind. Numerous other interrelations occur. Although the environmen¬ 
tal factors are closely interwoven, those directly affecting the plant are few. 

The chief factors of the aerial environment of plants are huniidity. 
light, temperature, and wind. All are much more subject to rapid fluc¬ 
tuations than are the factors of the soil. As in tVie soil, an extnTOely 
important environmental relation is that of water. T'he amount of water 
vapor in the air is one of the chief factors influencing A^egetation. 

HUMIDITY 

The moisture of the air which is in the form of vapor is termed 
humidity. It is one of the most important factors since it directly 
affects the rate of transpiration. The amount of water that a plant 
loses frequently determines whether it can or cannot grow in a given 
habitat. Owing to the nature of the medium in which it occurs, water 
vapor, which comports itself in some ways as though oxygen, nitrogen, 
and carbon dioxide were not present, is much more uniformly distributed 
than is the water in the soil, but it also fluctuates to a much greater 
degree. 

The actual amount of water present in the air is called the absohde 
humidity. It is expressed as grains per cubic foot or grams per cubic 
meter of air. The amount of water vapor in the atmosphere taken by 
itself does not determine the dryness or wetness of a climate.^® Climates 
recognised as dry are not necessarily deficient in actual moisture, since 


Indirect Factors 
Precipitation 
Soil compoflition 
Wind 
Pressure 


Remote Factors 

Altitude 

Slope 

Exposure 

Surface 
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even In desert regions the amount of moisture in a given unit of space may 
equal or even exceed that in other districts commonly considered as moist. 
For example, a cubic meter of space over the dry desert of the southwest 
is known to contain as much moisture in summer as a space of similar 
volume along the moist shores of the Great Lakes. Because of the higher 
temperatures in the desert, the relative humidity is very low and water 
exposed quickly evaporates. Conversely, in the lake region the amount 
of vapor that can remain in the air is lessened by the lower temperatures 
and the air is more nearly saturated. 

The relative humidity is the ratio, expressed as a percentage, of the 
water vapor actually present in the air (unit of space) at a certain tem¬ 
perature to the amount necessary to saturate the same unit of space under 
similar conditions. For example, 50 per cent relative humidity means 
hat the space contains one-half the amount of water vapor necessary to 
saturate it (100 per cent). The lower the relative humidity at a given 
temperature the more rapidly the air will take up water from the transpir¬ 
ing leaf or from a moist soil surface. 

Modifying Influence of Temperature and Wind.—Humidity in 
affected by temperature, wind, altitude, exposure, cover, and water 
content of soil. High temperatures increase the capacity of the air fo. 
moisture and consequently lower the relative humidity. At low tern 
peratures, the air wall hold less moisture and consequently its relative 
humidity is increased. This accounts for the iiurreased precipitation 
with altitude on the wdndw^ard sides of mountain ranges of moderate 
elevation w^here the ascending air currents are cooled. For example, 
in the alpine meadow^s at the summit of Pike’s Peak, 14,100 feet altitude, 
the annual precipitation is 30 inches. In the subalpine forest at 10,201 
feet, it is 25 inches, but decreases to 22 inches in the montane forest at 
3,500 feet and to only 15 inches on the treeless plains at the foot of the 
mountain. 

The air in a room 20 by 20 by 10 feet, if completely saturated at 
80®F., contains approximately 3 liters of liquid water in the form of vapor. 
But at 60®F. it could hold only half this amount, and at 0®F. only 0.15 
liter. Hence, of two regions, or two habitats with the same rainfall, the 
warmer is the drier. During the day, the relative humidity falls as the 
temperature increases and rises in the evening as the air grows cooler. 
Each change of VF. in temperature usually produces a corresponding 
variation, but in the opposite direction, of 1.5 to over 2 per cent humidity, 
depending upon the locality.^*® The air may become saturated with 
water and moisture may be precipitated out as dew even during dry 
weather if the night temperatures are sufficiently low. With a given 
amount of water vapor in the air, transpiration from plants and evapora¬ 
tion from the soil are increased with a rise of plant and air temperatures. 
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Temperature of leaves has a pronounced effect upon rate of water 

Wind has a powerful effect upon humidity in that dry winds lower 
the amount of air moisture by removing the moist air about plants and 
mixing it with dry air. This has the effect of keeping the immediate 
humidity low and promoting transpiration.®^® 

Since the velocity of the wind increases with the height above the 
soil surface, trees especially suffer from the drying effects. Low-growing 
vegetation such as rosette and mat forms are much less affected. Trans¬ 
piration is often so greatly increased and growth so much retarded on the 
windward side of trees, that the larger part of the exposed crown is on the 



Fig. 169.—^Limber pine {Pinus flexilia) at timber line on Long's Peak, Colo. Under 
ordinary conditions this tree grows to a height of 50 feet and has a diameter of 1 to 2 feet 
{Photograph hy Pool.) 

leeward side. In prairie-planted groves, for example, the drying effect 
of southwest winds results in the dw^arfiiig or death of the trees on the 
exposed sides of the grove, the protected trees attaining a much greater 
height. 

The height to which many plants can attain is limited by their ability 
to absorb and transport water upward rapidly enough to replace that 
lost through transpiration. On wdnd-swept coasts and on high moun¬ 
tains, excessive water loss results in a stunted and gnarled growth.®®® 
This is, however, partly due to the mechanical effect of the wind. The 
gnarled, sprawling, much-branched, elfin timber grows through the short 
summer of high altitudes in cold soil from which absorption is difficult 
and under the drjdng effect of high winds (Fig. 169). So adverse are 
the conditions of the environment that trees several hundred years old 
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may be only a few inches in diameter and attain a height of only a few 
inches or, at most, a few feet. Similarly, in arctic regions, because of 
winterkilling due to drought, willows, alders, and other woody species, 
instead of growing erect, develop the sprawling or espalier shape, parts 
not covered with snow in winter being regularly killed back. Practically 
all, moreover, of the herbaceous species are long lived and have their 
resting buds protected near the surface soil. Herbs, too, may form a one¬ 
sided growth or take on a prostrate habit, form cushionlike clumps, and, 
in extreme cases, may be confined to depressions. 

The drying effect of winter winds, particularly in late winter when the 
air- is warm but the soil still frozen, often results in winterkilling of 



Fid. 170.—Buds of shellbark hickory iCarya ovoid) in different stageH of opening. Note 
the telescopic expansion of the bud scales which finally drop off. 


many trees, shrubs, winter wheat, etc. The chief value of protective 
coverings to tender growing points, such as the scales of buds, is to keep 
them from drying out. That freezing does them no harm is evident from 
the appearance of ice crystals on very cold days. The bud scales are 
cutinized, suberized, or covered with hairs or resin. In addition to 
furnishing mechanical protection, they also inhibit rapid freezing and 
thawing, which are most harmful to plants.®*® Because of telescopic 
expansion, buds may greatly elongate in spring and thus protect the 
delicate leaves or flow'ers within (Fig. 170). Hot, dry winds frequently 
do much damage to vegetation, especially growing crops, by promoting 
excessive water loss. Wheat and other crops may ripen prematurely 
and the yield be greatly reduced. At such times, the temperature is 
high and the humidity very low. Long-continued, warm, dry winds 
injure blossoms by evaporating the secretion of the stigmas. In the 
arid southwest, enormous numbers of cones of evergreen trees die during 
their first season due to hot, dry winds. 
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Moist winds Sxert an opposite influence. Winds that blow across 
large bodies of water are damp. If constant or frequent, as in certain 
parts of California, they may permit the growth of mesophytes in an 
area which would otherwise have a desert vegetation. The distribution 
of the redwood forests of California is largely controlled by the wind¬ 
blown, ocean fogs.^®® 

Influence of Pressure and Physiographic Factors. —The view is not 
uncommon even among meteorologists that pressure influences relative* 
humidity by changing the density of the air and hence its power to hold 



Fig, 171.—A sharp ecotone between prairie and forest on ii wind-swept slope in eastern 
Washington. Balsamroot {lialsamorrhiza) and xeric grasses are eharacteristie of the 
southwest exposures. 

moisture. This is erroneous, since the amount of water vapor required 
to saturate a given space is entirely independent of the pressure of the 
other gases present and is determined solely by the temperature of 
the vapor itself. However, low air pressure does increase the rates of 
evaporation and transpiration through a reduction in the density of the 
air. But in nature reduced air pressures with altitude are accompanied 
by low temperatures, which more than offset the effect of reduced pres¬ 
sure on evaporation and transpiration. 

Exposure, i.e., the position of a slope with respect to the sun, affects 
humidity through the action of sun and wind. Slopes longest exposed 
to the sun's rays receive the most heat; consequently, slopes with a 
southern exposure regularly show somewhat lower humidities than those 
with northern exposures. The effect of wind is most pronounced upon 
tho.se slopes exposed to prevailingly dry winds. As a rule, these are 
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southern or southwestern, and for reasons of both temperature and wind, 
they are usually the driest slopes of hills and mountains (Fig. 171). 

Cover increases humidity by reducing the influence of both tempera¬ 
ture and wind. In addition, a living cover supplies moisture to the air 
in consequence of transpiration from the plants that compose it. Since 
vegetation is giving off water in large amounts, the relative humidity 
among and just above the plants is greater than that above bare, dry soil. 
This increase in relative humidity is one of the community effects of 
vegetation upon the habitat which permits various species to grow 
because of the decreased transpiration. Differences are often so marked 
that they have an effect upon the layering of communities as in reed 
swamps, permitting species to grow near the soil that could not withstand 
the drier air above. ^^^2 'pjje leaves produced by a single species are, 
moreover, often more xeric in the upper strata. In fact, this is found in 
most tall-growing plants, for example, cereal crops. 

To Determine tbfe Effect of the Surrounding Vegetation upon Humidity and 
Transpiration. —Secure a cylindrical metal container 5 inches in diameter and 11 
Inches deep that fits loosely into a slightly larger one with perforated bottom. Place 
the larger container in the center and on a level with the top of a still larger one that 
should have an area of at least 1 square foot and a depth of 12 inches (Fig. 172). Fill 
the latter with potting soil compacted to within an inch of the top. Plant thickly 
seeds of oats, wheat, or Sudan grass, cover with soil to a suitable depth, and, finally, 
add a thin mulch of coarse sand or fine gravel. The small, insert container should 
be filled and seeds planted in a similar manner, after which it should be placed in 
position in the center of the larger one. Water as necessary but thoroughly the night 
before the weighings. 

On a bright day, when the crop has made a good growth and is at least 6 to 8 inches 
tall, remove the insert container by the use of two pairs of long-handled pliers and with 
a minimum of disturbance to the surrounding plants. Weigh it to the nearest half 
gram and also at the end of each hour throughout the day. During the first hour, 
place the insert container in a position similar to that which it fonnerly occupied but 
away from surrounding plants. During the se(iond hour, place it in the center of 
the grass community, thus alternating its position hour by hour. Compare the 
results with those of another student who left his phytometer in the community the 
first hour. 

Plot the hourly losses and consult the hygrotherniograph record for temperature 
and humidity (p. 343) during the experimental period before drawing your con¬ 
clusions. What is the paramount factor concerned? How is this affected by the 
two places of exposure? What other physical factors play a part? 

Evaporation from the surface of moist soils increases humidity. 
This is particularly noticeable in forests and thickets where the air is 
sheltered from the sun and wind. In general, the air near the soil surface 
is more moist than that near the top of a cover of vegetation. 

Effect of Climate and Habitat. —The general humidity of a habitat 
depends upon climate and location with respect to bodies of water. 
Forested regions generally have high humidities, while the humidity of 
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deserts is low. Under the canopy of a tropical rain-forest the humidity 
may remain between 80 and 100 per cent for weeks in dry grassland or 
desert it may regularly fall to 15 per cent or less almost every afternoon. 
Coastal regions are moist, provided the wind does not blow continuously 
offshore; inland regions are relatively dry; lowlands are more humid; and 
tablelands and mountains usually less humid. 

In a particular habitat the relative humidity approaches or reaches 
saturation during a rain or fog and then often gradually diminishes to a 
minimum just before the next rainstorm. There is also a daily maximum 
and minimum. The highest relative humidity, except when disturbed by 



Fia. 172.—Insert phytometers (plant measure) of beans and oats. The latter has been 
removed from its case in the center of the larger container. The surrounding community 
has a great influence upon the rate of water loss and photosynthesis. Transpiration is 
often reduced 30 to over 50 per cent. 

cloudy or rainy weather, usually occurs near the time of sunrise, and thti 
minimum from 2 to 4 hours after noon, or the reverse of the hours of the 
occurrence of the maximum and minimum temperatures. Variations 
within the habitat chiefly arise through differences in protection from 
sun and wind. 

Measurement of Humidity.—Humidity is measured by means of a 
psychrometer (chill measure). There are three types of psychrometers, 
the sling, cog, and stationary (Fig. 173). All consist of a wet-bulb and a 
dry-bulb thermometer set in a case. The dry-bulb thermometer is an 
ordinary thermometer, but the wet bulb is one covered with a clean linen 
cloth which is moistened with distilled water. In using the sling or cog 
psychrometer, the thermometers are whirled about in the air. The 
dry-bulb thermometer indicates the normal temperature of the air, tlie 
wet-bulb instrument gives the reduced temperature resulting from chilling 
due to evaporation. 





HUMIDITY, mUD, AND EVAPmATION 341 

If the w is moist, there is little evaporation; if it is dry, evaporation 
is rapid and the result is a marked “depress^n of the wet bulb.” Evapo¬ 
ration produces a decrease in temperature depending upon the amount of 
moisture in the air. Tables have been prepared for almost all possible 
combinations of air temperatures and wet-bulb depressions, showing the 
corresponding relative humidities. 

For field work, the cog psychrometer is the most convenient and 
satisfactory. Since the instrument must be moved about in order to 



Fig. 173.—Sling and cog psychrometcrs. The latter is nbout 14 inches long. 

prevent the accumulation of moisture about the wt^t bulb, the stationary 
psychrometer is of little value. The sling psychrometeT is liable to be 
broken in using unless there is a space free from vegetation for a distance 
of 2 yards. The cog psychrometer is smaller, more compact, and the 
danger of breaking in use or in carriage is extremely small. It has the 
further advantage of making it possible to take readings among plants 
and in layers of air only a few centimeters in thickness and in any posi¬ 
tion. To secure the necessary temperature range, centigrade ther¬ 
mometers are often used and the readings thus obtained converted into 
Fahrenheit temperatures (by multiplying by 1.8 and adding 32) before 
the humidity can be determined from the tables. 
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Making a Reading ,—Considerable practice is needed in making an 
accurate reading.’^’ In general, readings should be taken facing the 
wind and preferably in the shade of the body, although they may be made 
in full sunshine with but slight error. It is also a wise precaution to shift 
the position of the instrument a foot or more during the reading, except 
when the humidity of a definite layer is desired. The cloth of the wet 
bulb is first moistened with clean water. Distilled water is preferable 
but tap water and the water from streams may be used without appre¬ 
ciable error if the cloth about the wet bulb is changed occasionally to 
prevent the accumulation of dissolved material. The water is poured 
slowly upon the cloth of the bulb until it is completely saturated, the 
excess shaken off, and care taken not to wet the dry bulb. As the cloth, 
when perfectly dry, absorbs water slowly, a pipette or a brush is usually 
a valuable aid in quickly wetting it. 

The temperature of the water is of slight consequence, though readings 
can be made more quickly when the temperature is not too far from that 
of the air. The psychrometer is held so that the bulbs are in the layer of 
air to be studied and rotated at an even, moderate rate. As the reading 
must be made when the mercury of the wet bulb reaches the low^est point, 
the instrument is usually stopped after 100 revolutions, and the position 
of the column is noted. The lowest point is often indicated by the 
tendency of the mercury to remain stationary. As a rule, the lowest 
point can be known with certainty only w^hen the next glance shows a rise 
in the column. Check readings of this nature must be made at the end 
of every 25 to 50 revolutions in order to make sure that the mercury has 
not reached the minimum and then begun to rise while the instrument is 
in motion. In noting the final reading, care must be taken to secure it 
before the mercury begins to rise in consequence of stopping the move¬ 
ment. For this reason, it is desirable to shade the psychrometer with the 
body when looking at it in the sunshine and to take pains not to breathe 
upon the bulbs or to bring them too near the body. At the moment 
when the wet bulb registers the lowest point, the dry bulb should also 
be read and the results recorded. 

Use of Humidity Tables ,—To ascertain the humidity, the difference 
between the wet- and dry-bulb readings is obtained. This difference 
together with the dry-bulb temp)erature (in degrees Fahrenheit) is 
referred to the tables, A variation in temperature has less effect than a 
variation in difference. In consequence, the dry-bulb reading is expressed 
in the nearest unit, and the difference is reckoned to the nearest half 
degree. Measurement of humidity is affected by pressure; it is necessary 
to use the table computed for the normal barometric pressure of the place 
under consideration. Humidity tables are usually computed for pres¬ 
sures of 30, 29, 27, 25, and 23 inches. For mountainous regions over 
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7,000 feet high, additional tables are desirable, but the table of 23 inches 
will meet all ordinary requirements, since the effect of pressure is small 
within the usual range of growing-period t^peratures. 

The Hygrograph .—A continuous record of humidity may be obtained 
by means of the hygrograph. This consists essentially of strands of 
human hair about 8 inches long, clamped at both ends. In moist air 
the hairs become longer, in dry air, shorter. They are attached to a 
lever in such a manner that a pen which writes on a rotary drum is raised 
with an increase in humidity and lowered in dry air. 

Experience has shown that the hygrograph gives fairly reliable 
humidity records in dry climates but must be frequently checked in 



Fio. 174.—Hygrothermograph and shelter. The hairs regulating the humidity pen 
are on the left under the protecting shelf; the silvered thermomelric bar regulating the 
temperature pen is on the right. The door of the shelter has been removed. 

moist ones where it is exposed to high humidities. '^I''his is done by means 
of a cog psychrometer, and tlie pen is then adjusted on the drum to show 
the proper percentage of humidity. The initial adjustment, of course, is 
made in the same way, the hairs being stretched tighter or loosened by 
turning the screw supporting the frame upon which thej'^ are held. 

It is convenient for comparison to record both hximidity and air 
temperature upon the same record sheet. The temperature pen is 
regulated by means of the expansion and contraction of a silvered 
thermonietric bar exposed to the air. Sue^h an instrument is called a 
hygrothermograph (Fig. 174). The temperature records are thoroughly 
reliable and the instrument need be checked only once or twice a week. 
At the end of the week the clock is wound, a new record sheet placed on 
the drum, and the pens inked. The humidity pen should be filled with 
the green ink, the one recording temperature with the purple ink. Upon 
removal of the record, the station and date are recorded. Care should 
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be exercised to see thal the pens are set on the line indicating the proper 
time of day and that they do not interfere in passing each other near the 
middle of the record sheet. It is best to adjust the instrument at a time 
when the humidity is not changing too rapidly, i.e., between 10 a.m. and 
4 p.m. The pens must be released at the end of the week or they will 
buckle against the vertical bar which holds the record on the drum. 

The hygrothermograph should be properly housed in a well ventilated, 
waterproof, wooden shelter painted a light green. This should be lined 


THURSDAY. FRIDAY. SATURDAY. 



Fig. 175.—Portion of a hygrothermograph record showing the temperature (line a) 
.and humidity in the short-grass plains from June 30 to July 2, 1921. At what time was 
the maximum air temperature reached? Does the lowest humidity occur at about the 
same time? Why? 

with a small-meshed wire screen to prevent the entrance of large insects 
and furnished with a removable door. The shelter should be of sufficient 
size to permit the opening of the instrument without its removal and to 
store the necessary equipment for adjusting the recording devices, viz., 
psychrometer, small bottle of distilled water, humidity table, camers- 
hair brush for dusting the hairs, glycerin inks, and a standardized 
Fahrenheit thermometer. The shelter, with the floor level, should be 
fastened firmly in place by means of strong stakes. The door should 
open to the north, so tliat the sun cannot shine upon the instrument, and 
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be furnished with a good lock. A double roof with space between is 
desirable. 

IrUerpreiing the Records .—It should be observed that the hygrothermo- 
graph records are ruled in two arcs corresponding with those described by 
the temperature and humidity pens, respectively. The time of day for 
the temperature pen (XII indicating noon and M midnight) in 2-hour 
intervals is indicated at the top of the record sheet, that for humidity at 
the bottom. The numbers on the horizontal lines ranging from 10 to 100 
indicate both percentage of humidity and degrees Fahrenheit. Thus, in 
Fig. 175, the humidity at 4 p.m., June 30, was 28 per cent and the tem¬ 
perature 85®F. The next morning at 4 a.m. when the temperature had 
fallen to 53®F., the humidity was 100 per cent. 

Constructing Graphs .—Where it is desired to obtain the average daily 
humidity (or temperature) by weeks, this may be done as follows: 
Add the humidity at the 2-hour intervals for the entire week and divide 
by the total number of intervals. If it is desired to ascertain the average 
day humidity, which is of most importance to vegetation, add all of the 
2-hour readings beginning at 6 or 8 a.m. (according to the season) to 
6 p.m. inclusive, continuing for the 7 days, and divide by the tota’ 
number of readings. From these data, graphs similar to those in Fig. 
179 may be constructed, and the humidity (or temperature) of different 
communities compared. 

Periods of low relative humidity are very trying for vegetation, since 
they almost invariably occur at times when water content is also low. 
The weekly record should be given careful study since such periods are 
usually more important than the averages. During times of protracted 
low water content and low humidities, some types of vegetation remain 
dormant. These are also periods of great forest inflammability.®^® 

To Measure Relative Humidity. —With the cooperation of two or more other 
students, make simultaneous readings every half hour of the relative humidity in 
several adjacent stations such as thicket, woodland, prairie, or swamp. Plot the 
results in the form of graphs. Also, make readings at the same station at different 
levels. Operate a hygrothermograph on a lawm, in a grove, or in other vegetation 
where the instrument may be observed and frequently checked. If possible, secure 
two instruments and compare the humidity and temperature in two different habitats. 

Vapor Pressure Deficit. —^The pressure exerted by a gas or vapor is 
determined by its amount in a unit volume of space and by the tempera¬ 
ture. Vapor pressure deficit is the difference between the pressure 
exerted by the water vapor actually present in the atmosphere at a given 
time and a given temperature and the pressure that would be exerted if 
the space were saturated with water vapor at the same temperature. 
The difference in pressure is expressed in millimeters or inches of mercury. 
A relative humidity of 100 per cent at 20®C. corresponds to a vapor pres- 
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sure of 17-55 millimeters of mercury. This multiplied by 0.60 (the 
humidity expressed as a percentage) gives a vapor pressure of 10.53 
millimeters. The vapor pressure deficit is the difference between 17.55 
(the maximum vapor pressure at 20®C.) and 10.53 millimeters (the actual 
vapor pressure) or 7.02 millimeters. Tables of pressure of saturated 
aqueous vapor may be found in the Smithsonian Physical Tables. 2®® 

The vapor pressure deficit may also be defined as the difference 
between the saturation vapor pressure for the current temperature (dry 
bulb) and the saturation pressure for the temperature of the current dew 
point, t.c., temperature necessary to induce condensation of water vapor. 
Hence, the tables of vapor pressure and dew point of the psychrometric 
tables may be used for its calculation. Here the pressure is expressed in 
inches of mercury. For example, if the depression of the wet bulb at 
70®F. is 5®, the dew point is at 62°F., f.c., the air must be cooled to 62°F. 
before it becomes saturated. Saturation pressure at 70®F. is 0.732 inch, 
but at 62®F. it is only 0.555 inch. Hence the vapor pressure deficit or 
the difference between these two figures is 0.177 inch. 

In spite of current views, vapor pressure de^ficit or saturation deficit 
does not bear a direct causal relation to evaporation or transpiration. 
This is actually determined by the difference or gradient between the 
vapor pressure of the evaporating surface and that of the air above it. 
The frequent correspondence between saturation deficit and evaporation 
is due in part to the relation between the gradient at the evaporating 
surface and the dc;ficit in the surrounding atmosphere. Under normal 
conditions, the temperature of water or leaf surface may differ little or 
but briefly from that of the air, and the saturation deficit then becomc‘s 
a fair index of evaporation opportunity. 

WIND 

The effect of wind in modifying humidity has been discussed; its 
mechanical and erosive effects w'ill now*^ be considered.Because of 
the friction of the soil surface and masses of vegetation, the velocity and, 
hence, the pressure exerted by the wind rapidly increase with height. 
This explains the greater velocity attained on exposed seacoasts and at 
higher altitudes that are free from or above the obstructions created by 
masses of vegetation. By its strength, wind may destroy large areas of 
timber and do much damage by blowing down crops. Often, only 
branches or twigs are broken or leaves (e.gf., wheat, corn, etc.) torn by 
wind whipping. The actual pressure exerted by the wind depends upon 
the character and dimensions of the surface as well as the density of the 
air. At sea level, a wind with a velocity of 10 miles per hour exerts a 
pressure of approximately pound per square foot; at 30 miles, this is 
increased to about 2.6 pounds; but over 9 pounds pressure per square 
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foot is exerted at a velocity of 60 miles.^ Even higher velocities and 
pressures occur, especially on mountain tops. By its persistence, it 
causes permanent curvatures and malfornuitions of plants upon which 
it impinges. 

Wind-driven dust, snow, and hail exercise a marked abrasive effect 
upon vegetation, sometimes to the extent of wearing away the bark of 
trees or shrubs in wind-swept areas. The blowing of soil is an ever 
present menace during the spring months in the Great Plains and many 
other regions. The surface of whole fields is blown away and the soil 
deposited on others. In both the process of erosion and of deposit, the 
crop may be destroyed.Even clay soil may be loosened and 
transported. In muck land, damage is often great, the light, organic 
materials being readily removed unless the soil is kept damp or protected 
from the wind.^^^ Blowing of soil often reaches its maximum in sand 
where destructive/'blowouts’’ occur, and valuable forests are sometimes 
covered by dunes.®"*'^^ 

The wind may do much harm in blowing fruits or blossoms from trees 
or other plants and by preventing insects from working among the flowers. 
It is an important agent in the distribution of weeds and spores of many 
disease-producing fungi, such as rusts and chestnut blight. By means of 
whirlwinds, heat waves, and convection currents, spores are carried high 
into the air and over long distances. Viable spores have been caught at 
heights of more than 11,000 feet.®®^®^ Warm winds may hasten the 
melting of snow, particularly in open fields, resulting in accelerated runoff, 
especially if the soil is frozen, and consequent floods. Conversely, the 
wind has a beneficial effect in drying the soil in spring and in equalizing 
temperature on the leeward sides of large bodies of water. By mixing 
the cold and warm air, wind sometimes prevents frost damage on cold, 
clear nights. The warm, dry, chinook winds of mountainous regions, 
p)articularly marked in Montana and Wyoming, cause the snow to 
evaporate very rapidly and leave the ranges available for winter grazing. 

Effect upon Transpiration.—Although the depressing effect of wind 
upon plants has long been recognized, very few measurements of a 
quantitative nature have been made.^^ ®®" Recent studies have shown 
the effect of continuous wind velocities of 5, 10, and 15 miles per hour on 
the transpiration of sunflowers where an optimum water content of the 
soil was constantly maintained.®^® The rate of transpiration, after the 
first week, increased with increasing wind velocity. At the end of 6 to 
7 weeks the three lots of plants were using water at rates about 20, 35, 
and 50 per cent, respectively, higher per unit area of leaf surface than 
control plants grown in still air. There w’^as a decrease in leaf area and 
in height and diameter of stem with increasing wind velocity. The dry 
weight was reduced one-half to two-thirds under a velocity of 15 miles per 
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hour. The water requirement increased, the maximum increment 
observed being about 50 per cent under the highest wind velocity. 
Plants grown under high wind velocities showed the gnarled and twisted 
appearance characteristic of trees growing in windy habitats. Even a 
wind velocity of 2 miles per hour, when occurring intermittently at 
intervals of several hours, increased the transpiration rate 20 to 30 per 
cent. Higher velocities resulted in greater initial losses, often an increase 
of 78 to 138 per cent, but these high losses were not maintained. Wind 
had the same relative effect at night as during the day, causing approxi¬ 
mately the same percentage increase in the transpiration rate. 

Modifying Wind Movement.—^The force of the wind may be modified 
in a number of ways, viz., by windbreaks, by sowing grain in furrows. 



Fig. 176.—A cottonwood grove forming a windbreak. Corn within a few rods north of 
the windbreak is badly damaged by shade and reduced water content. {After Bates.) 

and especially by “strip planting,'' ctc.'*^^ Strip planting consists of 
growing various crops, e.g., corn, wheat, sorglium, or native hay, in 
alternate, long, narrow strips at right angles to the prevailing wind.^^^ 
This reduces the wind effect, since at all times a part of the soil in the 
field is protected by a cover of vegetation.*^* In dry lands the method 
of seeding the grain in furrows somewhat deeper and farther apart than 
those made by the ordinary wheat drill has many advantages. Not 
only does it promote better and more certain germination when the sur¬ 
face soil is dry, but the furrows also retain the snow, which otherwise 
might be blown from the field, and give better protection to the grain 
during times of low temperatures and high winds. There is, moreover, 
less injury from the heaving of the soil as a result of alternate thawing 
and freezing in spring and less injury from soil blowing and from drought.’®* 
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A difficulty, however, is the occasional filling of the furrows with drifting 
soil. The modifying action of windbreaks and shelter belts on wind has 
already been discussed (p. 252)” (Fig. 176). 

The way in which man may modify the Ideal environment, even of a 
desert, is well' illustrated in certain irrigated orchards in California, 
which have been planted to alfalfa and shielded by an efficient windbreak. 
Factor measurements made in such orchards and in the desert to wind¬ 
ward show that the climatic complex is greatly ameliorated. The 



Fig. 177. —Weather-Bureau type of anemometer. The cups have been detached from the 
top of the stem by loosening the setscrew. 


alfalfa transpires at a tremenaous rate and literally bathes the taees in a 
moist atmosphere. The windbreak retards the movement of the relar 
tively moist air away from the vicinity. The evaporation of the water 
from the soil and plants tends to lower the temperature of the air. As 
the soil is largely shaded, the high soil temperatures are also reduced. 

Measuring Wind Movement.—^Wind movement is measured by a 
rotating anemometer (wind measure), as shown in Fig. 177. The stand¬ 
ard Weather-Bureau anemometer is the most practical for field work, 
although the simple form of hand anemometer is useful in ascertaining 
the effects of cover. The latter recordfi wind movement in feet per 
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minute. The standard anemometer is practically a self-recording 
instrument, the wind movement being registered up to 990 miles, but as 
the dials run on without any indication of the total number of revolutions, 
it should be visited and read each day. Directions for reading the dials 
(to 0.1 mile) accompany the instrument. 

The anemometer is securely fastened by means of a thumbscrew to a 
stake driven vertically into the ground. Readings are ordinarily taken 
with the revolving cups at the general level of the vegetation. Care 
should be exercised that their movement is not retarded by contact with 
the growing plants. It is sometimes necessary to dig a pit for the stem 
of the anemometer in order that the cups may be at the same height 
as that of low-growing vegetation. For comparative readings, two or 
more instruments should be operated at different heights and long-time 
readings of wind movement obtained from different plant communities. 
The data are recorded as miles of wind movement per hour.^^^ 

To Measure Wind Movement. —Secure two anemometers of the Weather-Bureau 
type. Operate them at different levels in various plant communities during a period 
of 1 or more days {e.g., in prairie just at the height of the vegetation and 3 feet al;M)ve). 
Also, compare the wind movement at the same level in different plant communities. 
By means of hand anemometers make simultaneous readings of wind movement in a 
field of grain, clover, meadow, etc., below tlie level of the vegetation and just above it. 

EVAPORATION 

A knowledge of the humidity, wind movement, air temperature, and 
sunshine of a habitat throws much light upon the environment in which 
plants grow and vegetation develops. The desiccating power or “evapo¬ 
ration stress” of the atmosphere as affected by all of these factors is of 
great importance to plants. Much emphasis has been laid upon the 
water content of soil as directly determining the character of vegetation 
and its rate of development. Of almost equal importance is the loss 
through transpiration of moisture that is absorbed. The evaporation 
rate, when measured directly, gives the integrated effect of humidity, 
radiant energy (i.e,, temperature and light), and wind. While there is 
no instrument that integrates the effect of these different stimuli to 
water loss in a manner similar to that of plants, yet this objective has 
been attained to some extent. Indeed, different plants, because of 
differences in stomatal movement, density of cell sap, colloidal content of 
cells, incipient drying, etc., respond differently. Nevertheless, the process 
of evaporation from a suitable evaporating surface (e.g., porous clay cup) 
is closely similar to that from a plant body. The readings of the loss of 
water from atmometers (vapor measure) placed at the general level of 
the transpiring vegetation in different habitats give one of the most useful 
records of the evaporation stress of the air as it affects the surrounding 
vegetation. 



HUMIDITY, WIND, AND EVAPORATION 351 

Measurement of Evaporation.— Evaporation is measured in a number 
of ways. At many state and federal experiment stations the rate of 
water loss in inches is determined for the, 6 summer months (April 
to September) from large open tanks.®® These circular tanks of galvanized 
iron are 8 feet in diameter and 2 feet deep. They are set 20 inches deep 
in the soil and filled with water to within 4 inches of the top. The amount 
of water evaporated is determined by means of a gage, corrections being 



Fio. 178.—PorouB-cup atmometerB. The nonabBorbing device with wool plugs and 
mercury trap is shown in the center. 


made for precipitation during the interval between readings. The rate 
of evaporation from water in a tank is about the same as from a wet soil 
surface, although it is greater from the latter where the soil is dark in 
color. Many valuable data have thus been obtained for broad climato¬ 
logical studies, but obviously such a method is quite impracticable for 
measuring evaporation in different plant communities. 

The evaporimeters most widely used are the porous, clay-cup atmom- 
eters devised by Livingston. These are either cylindrical or spherical 
in shape and white or black in color (Fig. 178). The cups are made of a 
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very fine grade of clay. The lower part is waterproofed with varnish 
or shellac and the evaporating surface thus reduced to a definite area. 
The porous surface should never be handled, since the pores will become 
clogged with oil or dirt. 

In operating, the cup is first filled with distilled water and allowed 
to stand for a short time until the clay walls have become saturated. It 
is then again filled and stoppered tightly with a rubber cork through 
which a glass tube extends. The excess water is forced into the tube. 
The apparatus is quickly inverted and the second cork on the tube (which 
must be full of water) inserted into the supply bottle, air bubbles being 
excluded. The latter should contain about a liter of distilled water. 
As the water evaporates from the outer surface of the cup, it is supplied 
by the rise of fresh water from the bottle, so that the cup is always full. 
A curved brass tube with a capillary bore through the bottle stopper 
permits the equalization of the air pressure without permitting the exit 
or entry of water. The bottle is filled to a file scratch on the neck, and 
the loss of water is determined by the number of cubic centimeters used 
in refilling it. 

Spherical cups have the advantage of always exposing half of their 
surface directly to the sun regardless of its altitude. The black cups 
absorb more radiant energy than the white ones and consequently 
give higher evaporation losses during the day. In fact, the differences 
in the losses from the white and black cups exposed in the same place 
have been used as a measure of radiant energy (light).The losses 
from one kind of cup or other evaporating system cannot be directly 
compared with those from another.^®* Spherical cups are widely used. 

Obviously, if the atmometer cup permits of evaporation, it will also 
absorb water during rain. To prevent its doing the latter, numerous 
nonabsorbing devices have been made (Fig. 178). These consist of 
mercury traps so arranged that while water may be drawn into the cup, 
its movement in the reverse direction is prevented. Nonabsorbing 
mountings, although absolutely necessary for reliable field readings, 
somewhat complicate the apparatus. In the simplest form, a twisted 
wool plug is inserted into one end of the tube, about a centimeter of 
mercury placed above it, and a second plug put in place at the opposite 
end. Water is sucked into the tube and the plugs well soaked. The 
rubber stopper, through which the tube extends, is then forced into 
the inverted, water-filled atmometer in the usual manner. The valve 
may be built in a separate glass tube and attached to the supply tube. 

Owing to the variations in the clay in the cups, different atmometers 
give different evaporation losses per unit of surface. But every cup is 
standardized by comparison with a standard cup whose rate of evapora¬ 
tion under certain uniform conditions is known. Each cup bears a 
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number and a coefficient. By multiplying the actual losd from the cup 
during a given period by its coefficient, the loss from the standard cup, 
had it been used, is obtained. For example, cup 947, coefficient 0.70, 
evaporated 140 cubic centimeters. The corrected loss is 98 cubic centi¬ 
meters. Thus, evaporation rates from widely different habitats or 
countries may be directly compared. 

To prevent the pores of the cup from becoming filled with impurities, 
especially lime, only distilled water should be used. Rinsing occasionally 
with weak corrosive sublimate prevents the growth of algae, bacteria, 
and fungi. The cups may also be cleaned from time to time with a stiff 
toothbrush and distilled water. If these precautions are taken, the 
rate of water loss from the cup under identical conditions varies but little. 
After a few weeks' use, however, they should be restandardized.®®® 

Making Readings .—For hourly readings or those for shorter intervals, 
the cups may be mounted on small graduates, corrections being made 
for the space occupied by the glass tube.^®^ In field practice, readings 
are made daily or w(jekly. Evaporation rates are measured for the 
purpose of determining how great an evaporation stress the plant or 
vegetation has to withstand and can withstand without injury. Critical 
periods are sometimes brought about by high evaporation stress when 
water content is abundant, but usually they occur and are most harmful 
when it is very low . Careful attention should be given evaporation read¬ 
ings during such periods; they may be obscured in the average weekly 
record. Evaporation records are of less significance, moreover, at a time 
when vegetation is dormant, whether as a result of drought or of cold.®^® 
For example, evaporation losses are usually highest in the short-grass 
disclimax at a time when the dominant grasses {Buchloe, Boutcloua, etc.) 
have dried and cured on the ground. 

Position in the Field .—The exact position of the atmometer in the field 
is determined by the object in view. If this is to ascertain the evapora¬ 
tion losses about seedlings on the forest floor, the cups should be placed 
at the same height as the transpiring seedlings. Fully grown under¬ 
shrubs are transpiring at a different level, and the tops of the crowns of 
trees are subject to a much greater evaporation stress. In swamps, 
for example, the evaporation rate rapidly increases with height. It may 
vary from 100 per cent at the level of the highest vegetation to 30 per 
cent at half this height and fall to only 7 per cent near the wet soil surface. 
Thus, evaporation gives a direct clue to layering of vegetation. 

Many plants as w^ell as soft-bodied insects are confined to the lower 
layer, although the latter frequently move to higher levels at night or on 
cloudy days w^hen the evaporation stress is decreased. Consequently, 
the atmometer should be placed at the level where the evaporation rate is 
to be determined. In grassland, it is the rule to place the cups at the 
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general level of the mass of vegetation, none of which is allowed to touch 
the cups. Usually, it is necessary to excavate a hole in the soil to receive 
the bottle. This should be done with a minimum of disturbance to the 
vegetation, and to prevent caving, it should be lined with a cylinder of 
light, galvanized iron sunk flush with the soil. 

Comparison of Data .—Readings at the several stations should be 
made as nearly at the same time of day as practicable and in the same 
sequence. The corrected readings from the various habitats or partial 
habitats may then be directly compared. If they are taken at regular 


June July August 



Fig. 179.—Graphs showing the average daily evaporation by weeks in prairie (upper 
line), hazelnut thicket (middle), and linden forest, in southeastern Nebraska during 
1917. 

intervals over a considerable period of time, comparison is best made by 
means of a series of graphs, as shown in Fig. 179. 

To Measure Evaporation. —Equip atmonieters with nonabsorbing devices and 
measure the evaporation losses at the same level in two or more plant communities. 
Also, compare the relative rates of evaporation in the same community, and prefer¬ 
ably in one that shows well marked layers, at different heights above the soil surface. 
What is the order of importance of the several factors that influence evaporation? 
Give reasons for this. 

Evaporation and Plant Distribution.—The rate of evaporation has a 
marked influence not only on the amount of the water lost from plants 
through transpiration but also in reducing the water content of the soil. 
The latter is an important feature, especially in dry regions. Evapora¬ 
tion determines the efl&ciency of rainfall in a great measure, especially 
where the rainfall is less than 30 inches annually. 






HUMIDITY, WIND. AND EVAPORATION SS6 

In Montanai where evaporation is low, 14 inches of precipitation are 
sufficient to support a good growth of short grasses; 17 inches are required 
in Colorado; and 21 inches in Texas. Eva.poration from the large, 
open tank in Montana during the 6 summer months is 33 inches, but it is 
54 inches in northwestern Texas. The extra 7 inches of precipitation are 
needed to counteract the higher evaporation rate in Texas. Similarly, 
the rate of evaporation increases from about 30 inches in North Dakota 
to 60 inches in southwestern Kansas. Since it requires nearly 10 inches 
of rainfall to offset the extra 30 inches of evaporation, it is apparent why 
under 20 inches of rainfall in North Dakota the true prairie is well 
developed and excellent crops of spring wheat are grown, while under a 
similar rainfall in western Kansas mixed-prairie vegetation thrives and 
only the most drought-enduring crops such as kaffir and milo are culti¬ 
vated. Thus, the lines of equivalent rainfall, because of the factor of 
evaporation, extend much farther eastward than do those of actual 
rainfall.®® During a single year, evaporation may lower a reservoir of 
water only 15 inches in Ontario, but 8 feet in California, and even 12 feet 
in Egypt.“® 

The effect of the rate of evaporation upon transpiration alone is 
marked. It requires only 518 tons of water to produce a ton of alfalfa 
near the Canadian line at Williston, N. D.; 853 tons at Akron in eastern 
Colorado; but 1,005 tons are required at Dalhart in the Panhandle of 
Texas.*®' During the years 1911 and 1913, the average water require¬ 
ment (i.e., the pounds of water used to produce a pound of dry matter) 
of 25 varieties of crops grown at Akron, Colo., was approximately 21 per 
cent greater than during 1912. This was due almost entirely to a decrease 
of 25 per cent in the evaporation rate in 1912, resulting from decreased 
solar radiation caused by fine volcanic dust in the upper air from Mt. 
Katmai, Alaska.®®*®®* 

The ratio of precipitation to evaporation gives the nearest approach 
that is yet possible toward an ideal index of the external moisture rela¬ 
tions of plants.*®^ The rainfall-evaporation ratio at Lincoln, Neb., is 
approximately 60 per cent. The line with this ratio extends northwest¬ 
ward across the Dakotas and nearly straight southward into Texas. In 
general, the drier types of grassland lie between lines with ratios of 60 and 
20 per cent. The desert has a lower ratio. Between 60 and 80 to 85 per 
cent, the true prairie abounds; eastward where the ratio is greater than 
100, i.e., where rainfall exceeds evaporation, continuous forests occur,®*® 
Unfortunately, evaporation data over North America as a whole are very 
meager, and the preceding data apply only to the conditions during a 
single year. Were evaporation data available in quantity similar to 
that of precipitation, a much clearer picture of the water relations in 
connection with plant distribution would be possible. 



CHAPTER XIII 


TEMPERATURE 

Temperature is like water in its action upon plants in that it has more 
or less to do with nearly every function, but as a working condition and 
not as a material. All the chemical proces.ses of metabolism and also 
many physical processes such as diffusion, precipitation, and coagulation 
as in cell-wall formation, etc., are dependent upon temperature and 
accelerated by its increase up to an optimum.®" With a decrease in 
temperature to a certain minimum, growth in size is retarded; at lower 
temperatures, cell division and photosynthesis are also checked; and, at a 
still lower minimum, respiration ceases and death ensues. Thus, tem¬ 
perature is not only necessary for life processes but also furnishes the 
energy for some of them. Radiant energy, for example, is absorbed in 
photosynthesis and set free in respiration. 

The responses to the stimulus of temperature are not localized 
in a particular organ but occur everywhere in the protoplasm throughout 
the living tissues. Temperature has no direct formative effect on the 
structure of the plant, except in so far as it affects the rate of growth. 
It does, however, have a profound influence in altering not only the rate 
but also the products of metabolism. At low temperatures, for examph^, 
many plants elaborate an abundance of polysaccharides. 

The habitat plays an important part in determining the influence; 
of temperature upon each species. A particular species has been ac(;us- 
tomed for countless generations to certain extremes of heat and cold as 
well as to certain seasonal sums of temperature. Temperatures beyond 
these extremes check the plant’s activity and this is usually true of the 
total heat available during the growing period.®” These temperature 
adjustments become so deeply impressed in the protoplasm of a species 
that there results a more or less fixed habit as regards temperature. 
Thus, in temperate regions, for example in deciduous forests, low tem¬ 
peratures of winter become a necessary experience to the trees. It is a 
phase of the environment to be endured and, also, a necessary means of 
stimulating developmental vigor. Winter is not a recurrent catastrophe 
to vegetation but a stimulus to renewed growth. The effect of habitat is 
well shown by many seeds, bulbs, corms, tubers, buds, etc., which are 
merely plantlets or growing points securely protected against drought. 
They have accommodated themselves to a long period of cold, in con- 
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sequence of which it is often impossible to cause them to grow without 
either naturally or artificially subjecting them to cold*®®'***'*®® (Fig. 180). 

In connection with germination^ temperature has a marked influence 
upon ecesis;®^® it greatly modifies growth; and in the opening and closing 
of flowers and flower heads it has a direct effect upon reproduction.*®® 
Consequently, it not only has an effect upon the individual but also upon 
the development of vegetation as weU. 

Measurement of Temperature.— 

With the aid of a thermometer, the 
measurement of temperature is an 
easy task. In determining the tem¬ 
perature of the air, direcjt or reflected 
sunlight must be excluded from the 
thermometer as fully as possible. 

The thermometers should be stand¬ 
ardized instruments, reading accu¬ 
rately at least to 1 degree, since the 
errors in clu^ap thermometers are not 
un(-ommonly as great as the differ¬ 
ences between two conditions that are 
being studied. As these are both 
delicate and expensive, they must be 
used with great care, particularly in 
the field. To prevent breakage, they 
should be carried in felt-lined, individ¬ 
ual brass cases. In making readings 
of air temperature, precautions arc 
necessary to expose the bulb to the 
full effect of the wind, if any, and to 
keep it away from the hand or body. 

The instrument must be left in posi¬ 
tion until the mercury becomes 
stationary. In some cases, as when 
the wind blows fitfully, the mercury 
constantly rises and falls. The mean of the fluctuation is taken as the 
proper reading. Temperature readings in the surface of the soil are made 
with the bulb just covered with soil; these should be supplemented by a 
reading on the surface. 

Since temperature is an extremely variable factor, isolated readings 
are of little value, and it is best to use automatic thermometers or 
thermographs. Maximum and minimum thermometers may be used 
to record the extreme temperatures during day and night.®’**®” The 
maximum is a mercurial thermometer with a constriction in the tube just 



Fiq. 180.—Two branches from a Per¬ 
sian lilac (left) that wintered out of doors 
except the ends of the branches which 
were admitted through an opening into a 
greenhouse. On the right are two 
branches from a lilac wintering in a green¬ 
house, except the ends of the branches 
which extended outside. Photograph 
made on March 1, 3 weeks after all parts 
of both plants were placed in the green¬ 
house. Note that only rarely has a bud 
opened except on the parts of the stems 
that have been chilled. 
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above the bulb; this allows the mercury to pass out as it expands but pre¬ 
vents it from running backj thus registering the maximum temperature. 
The minimum thermometer contains alcohol. The column carries a tiny 
dumbbell-shaped marker which moves down with it but will not rise as 
the liquid expands. This is due to the fact that the liquid expands too 
slowly to carry the marker upward, while the surface tension causes 
it to be drawn downward as the alcohol contracts. The thermometers 
are mounted in an oblique position. The mercury of the maximum 
thermometer is driven back into the bulb by rapid whirling and the ther¬ 
mometer then placed with the bulb slightly elevated. The minimum 
thermometer is set for registering by raising the free (lower) end so that 
the marker runs to the end of the column and is then placed in a level 
position. 

These thermometers should be exposed in an appropriate shelter 
which must not absorb radiant energy sufficiently to become heated 
within. This danger is largely overcome by the use of a double roof, a 
partly open floor, and'walls made of slats which sufficiently overlap to 
exclude overhead light but not enough to retard the free circulation of 
air.®^® 


To Determine Maximum and Minimum Temperatures.—Place properly sheltered 
maximum and minimum thermometers in each of two communities, preferably in 
early spring or late fall. Obtain and compare the highest and lowest temperatures 
during a period of several days. Also, determine the minimum temperatures in 
valleys or depressions and on adjacent hilltops or bencdilands (p. 306). Explain the 
differences obtained in the two sites. 

Obviously, the most valuable record of temperature is a continuous 
one, such as is obtained by means of a thermograph. This should be 
set up and appropriately housed in the field, preferably two or more 
being simultaneously operated in different habitats. For a comprehen¬ 
sive study of a layered plant community, such as a forest, more than 
one will be required, for temperatures and temperature variations of 
different layers may be widely different. A study of the thermograph 
records will reveal many things not shown by the maximum and minimum 
readings. It will show not only when the high and low temperatures 
occur but also how long they persist. The time relation is an extremely 
important one. In open thickets or woodland, for example, the sun may 
shine directly upon the shade plants and so increase their temperature and 
promote transpiration as to cause them to droop. Because of little air 
movement, a high temperature is attained. But soon the plants are 
again in the shade and absorption overtakes water loss. Were the high 
temperatures and consequently decreased humidity maintained, these 
mesophjrtes might succumb. 
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The greater number of species and of individuals pass through their 
entire life cycle without being exposed to extreme heat or cold. Extremes 
of temperature have little significance for them. Low-temperature 
effects are confined to plants that appear very early in the growing period 
and those that linger toward the close. Notwithstanding the funda¬ 
mental relation of temperature to plant metabolism and its general con¬ 
trolling influence on growth, in developmental communities at least, the 
measurement of temperatures is not of primary importance. The 
water content of soil, humidity, and light are usually the decisive factors 
in determining the relation of a community to neighboring ones. Ea(;h 
community usually exists well within the temperature limits that might 
be critical for it, and the indirect effect of temperature on humidity and 
evaporation is nearly always of greatest importance. 

Temperature Records.—Mean annual temperatures are of practically 
no value in a study of vegetation, because they take no account of season. 
The mean annual temperature in certain parts of Siberia is — 15°C. 
This is very much below the minimum at which any vegetation could 
grow, yet here is a forested region. The summer is short but hot. 
Not only are the forest trees able to grow and mature seed but also a 
luxuriant herbaceous vegetation abounds. 

Monthly means are much more significant in conveying an idea of 
the temperature relations, and the monthly mean maxima and minima 
are the most useful temperature data published by meteorolo^cal 
.stations. Maximum and minimum temperatures arc very important 
factors in the development of vegetation, since plants and particularly 
cultivated crops may be damaged by a few hours of excessive heat or 
killed by a brief period of low (usually freezing) temperatures. Weekly 
means are more valuable than monthly means in studying the relation 
between temperature and plant growth. Most valuable of all, however, 
are the daily temperature records. This is true particularly of the 
occurrence and duration of high or low temperatures during the early 
and late portions of the growing season, as well as at times of extremes 
throughout the whole growing period. Together with a record of 
humidity, they are of the highest value in the study environment. 
They can be had only by securing a continuous record during the succes¬ 
sive days by means of a hygrothermograph. 

The mean temperature for the day is approximated, where minimum 
and maximum thermometers only are used, by averaging the two read¬ 
ings. Where a thermograph is employed, a nearer approach to the true 
mean may be obtained from the sum of the hourly temperatures divided 
by 24. It is sufficiently accurate to average the readings of the even 
hours. The average day and night temperatures for weekly periods may 
also be determined. These may be plotted in the usual way for compar< 
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ing the temperatures in different habitats or in different strata of the 
same habitat. The daily maximum and daily minimum for weekly 
periods may be similarly compared. Mean maximum and mean mini¬ 
mum tem*peratures are often more important to vegetation than the 
mean daily temperatures because they represent more clearly the actual 
range of temperatures that plants experience.®®* 

Plant Temperatures. —The temperature of the plant tends to follow 
closely that of its environment.^*^ Unlike warm-blooded animals, 
plants do not possess temperatures that are independent of the surround¬ 
ing medium. In general, stems or leaves are rarely very much warmer or 
cooler than the air that surrounds them and roots can seldom possess 
a temperature very different from that of the soil.®®^ Certain plant 
activities, notably respiration, bring about an evolution of heat. But 
since respiration is vigorous only at relatively high temperatures and the 
rate decreases with a lowering of temperature, the amount of heat 
produced is little when an increase in temperature may be most needed. 
Even when vital processes are most vigorous, a marked rise in tempera¬ 
ture is prevented by outward conduction and radiation.i®** *-*^^ Similarly, 
any considerable decrease in the temperature of the tissue is automatical!}^ 
adjusted by intake of heat from without.^^ 

There are exceptions to the rule, however, that are worthy of men- 
tion.*“ Temperature of the plant, especially that of stems and leaves, 
may be 10 to 15®C. higher than that of the air.^^® ®*® In case of a sudden 
change in temperature, the plant responds more slowly than the air, and 
its temperature is for a time higher or lower. This is due to the abun¬ 
dance of water and its high specific heat. The plant lags in the change in 
proportion to its mass and surface. This is well illustrated in certain 
cacti where they are unharmed by a few hours of freezing temperatures 
but are killed by a longer exposure, for example, 19 hours in the giant 
cactus {Carnegiea gigantea) 

In winter, under direct sunshine, differences as great as 25®C. occur 
on the south and north sides of tree trunks just beneath the bark. Every 
cloud obscuring the sun for a few minutes will cause the bark to freeze 
if the air temperature is sufficiently low. With the passing of the cloud, 
the cambium may warm up above its freezing point within a few minutes. 
Changes of 10°C. sometimes occur within a period of 3 minutes. The 
high temperature, accompanied by rapid evaporation during the day, 
falls rapidly after sunset. The pronounced change may cause the death 
of the tissue next to the wood and the subsequent peeling of the bark. 
These internal temperature fluctuations are important on account of 
their relation to sunscald, crotch injury, frost cracks, etc., found among 
trees of northern climates. They result in openings that afford entrance 
to wood-rotting fungi. In spring, the higher temperatures of the sunny 
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side may result in a decrease in hardiness of the tissue exposed to the 
sun, with a break in dormancy and attendant injury upon sudden freezing. 
Temperature changes under light-colored b^k such as that of birch, 
poplar, etc., are much less marked than under dark-colored bark, and 
whitewashing fruit trees is a common method of reducing or preventing 
sunscald.®®^ 

The internal temperature of pine needles in sunshine and in still air 
during winter has been found to be as much as 18®F. higher than that of 
the surrounding air. 2 ®® Many buds and densely hairy leaves are examples 
of aerial parts that exhibit considerable influence in retarding the trans¬ 
mission of heat because of the nature and condition of their surfaces. 
Rough surfaces absorb and radiate a greater proportion of energy rays 
than do smooth ones. The color is highly important, red leaves, for 
example, absorbing more heat than green ones and the white portions 
of variegated leaves least of all. 

The heating effect of direct sunshine upon green leaves is limited not 
only by the loss of heat by conduction and radiation but also by the 
cooling effect of transpiration. Even in intense sunshine tlie temperature 
of turgid, rapidly transpiring leaves may be as low as that of the surround¬ 
ing air.^^®'®°^ The cooling effect of transpiration may be shown by com¬ 
paring the temperatures of vigorously transpiring leaves with those of 
dead ones. This lowering of temperature commonly amounts to 3.5 to 
90F.217 

In taking the internal temperatures of plants, such as thick stems, 
roots, large buds, or other bulky parts, a thermometer with a small, 
flat bulb is useful. A small slit is cut or a hole made with a small cork 
borer and the bulb sunk into the tissues. Temperature readings an^ 
less easily obtained in the case of ordinary leaves. Approximate differ¬ 
ences in temperature between air and leaf may be made by rolling the 
leaf while in position tightly about the thermometer bulb. But for 
exact readings, thermoelectric methods for the determination of leaf 
temperatures must be used.®®® Further study of plant temi>eratures is 
needed. 

To Compare the Temperature of Plants with That of the Surrounding Air. —Bore 
a small hole in the stem of a cactus, leaf of agave, bud of horse-chestnut, potato tuber, 
or other bulky plant part. Insert a small thermometer with flattened bulb that is 
only about 2 millimeters wide and 1 millimeter thick. Determine the temperature of 
the plant part and that of the surrounding air. Remove the plant (or part) to a very 
much colder or warmer place and ascertain how long a period of time is required for 
the living organ to take on the temperature of the air. Do fleshy roots have the same 
temperature as the surrounding soil? What are the causes for the difference between 
plant and air or soil temperatures? 

Bore a hole, just large enough to receive the bulb of the thermometer, tangentially 
under the bark of a tree on both the sunny and the shady side. Carefully insert the 
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thermometers and seal them in place with modeling clay. What differences do you 
find in temperature? Why? Compare that of trees with light- and dark-colored 
bark of about the same thickness, e.g., birch and cherry. 

Variations in Temperature. —^As in the case of light, there is a daily 
and an annual fluctuation in temperature. The amount of heat received 
depends upon the angle of the sun^s rays and their consequent absorption. 
The actual temperatures at the surface of the earth are greatly modified 
by radiation, conduction, and convection. In consequence, the maxi¬ 
mum daily temperature does not occur at noon “sun time,” as in the case 
of light, but somewhat later, often about 2 to 3 p.m. The minimum is not 
reached at nightfall, but just before sunrise upon the following morning. 
The maximum temperatures for the year do not occur at the June 
solstice, but a month or two later. Similarly, the minimum falls a 
month or more after the December solstice. 

Variation of temperature occurs with changes in latitude and altitude. 
High latitudes receive the sun's rays at a greater angle than equatorial 
ones, and the absorption of heat by the atmosphere is correspondingly 
greater, thus leaving less for the soil surface. In so far as absorption is 
concerned, high mountains receive more heat than lowlands. The loss 
by radiation, however, is so much greater that mountainous regions are 
uniformly colder than plains or lowlands lying on the same parallel. 
This is due to the rarity of the air, which allows heat to pass through it 
readily. Although the air on mountain tops is colder than that of the 
plains, the surface temperature of the soil is often considerably higher. 
On Pike’s Peak the surface of the soil may show a temperature of 140°F. 
while the air 5 feet above is 70®F. and the soil 10 inches below the surface 
55®F. This difference, how^ever, is far overbalanced by the rapid radia¬ 
tion at night. 

Temperature also varies with the slope. This is due to the fact that a 
square decimeter of sunshine covers this amount of surface only when the 
rays strike at right angles. As the angle diminishes, the rays are spread 
over more and more surface until at an angle of 10° a square decimeter 
receives but 17 per cent as much heat as at 90°. This has more effect 
upon soil temperature, humidity, etc., than on the plants directly, owing 
to the fact that stems and leaves have the same position upon a slope that 
they do upon the level. Furthermore, temperature differs at various 
levels in the air and the soil. Air and soil temperatures naturally affect 
each other. The highest temperatures are usually found between the 
two, i.e., at the surface of the soil. In summer, the temperature rapidly 
decreases in both directions. In the air, this is due to the fact that 
radiation becomes imperceptible a short distance above the ground, while 
the influence of the wind becomes more and more noticeable. Heat 
penetrates the soil slowly, either on account of poor conductivity or 
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because of the great capacity of the water for latent heat. The air is 
ordinarily warmer in the daytime than the soil, especially on sunny da 3 rs. 
It loses heat more rapidly, however, and after a sudden decrease in 
temperature or at night the soil is usually for a time warmer than the air. 

Influence of Other Factors. —Many factors exert a marked influence 
upon temperature, among which clouds and wind are, perhaps, most 
important. During the day, clouds reflect a considerable portion of the 
insolation from their upper surface, and, consequently, the temperature 
at the surface of the earth is decreased. At night clouds intercept heat 
radiated from the earth and, in consequence, the temperature of the 
surface soil and the air in contact with it is lowered but little. Hence, in 



Fiu. 181.—Orchard heaters in operation in a California citrus grove. (Photograph by U. S. 

Department of Agriculture,) 

spring and autumn, frosts are not likely to occur during cloudy weather. 
Fogs, high humidity, a cover of scrub or forest growth, and, in fact, 
anything that retards direct insolation by day and solar radiation by 
night, have a similar effect in making the temperature of the habitat 
more uniform. Cover, whether dead or alive, reduces day temperatures 
by screening out the sun’s rays and increases night temperatures by 
retarding radiation. It is for this reason that forests and scrub are 
cooler in summer and warmer in winter than other areas that are similar 
except for cover. 

Winds cause the temperature to rise when they blow from a warmer 
region and to fall when they come from a cooler one. On clear, still 
nights in early spring in temperate regions, frosts are likely to occur 
which destroy the early vigorous growth, especially that of cultivated 
plants. The end of the growing season may be similarly shortened. 
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especially for annuals, by early frosts in autumn. But on windy nights 
where the heavy, cold air is prevented from settling to the ground and 
constantly mixed by winds with the warmer air, freezing is much less 
frequent. Since the surface of the land warms up in sunshine about four 
times as rapidly as that of water and cools much more rapidly at night, 
the stabilizing effect of large bodies of water, e.g., the Great Lakes, on 
temperature of adjacent land is obvious. Such areas are often well 
adapted to fruit growing, since spring opens late, after danger of frost 
has largely passed, and early frosts in fall are uncommon. 



Fig. 182.—The rise of temperature as affected by heaters and fires placed in orchards. 

{After Corbett, et al., U. S. Department of Agriculture.) 

Valuable orchards are often protected from damage when frost is 
imminent by building numerous smudge fires which surround the trees 
with artificial clouds of smoke, or, more usually, by the use of charcoal or 
oil burners (Fig. 181). These not only add heat to the atmosphere but 
also especially cause convection currents that keep the entire mass of air 
more or less thoroughly mixed. Such procedure is especially effective 
on still nights (Fig. 182). Truck crops are often protected in a similar 
manner or by preventing radiation by a suitable covering of paper, cloth, 
etc.w* 

Soil temp>erature, which modifies the air above the surface, is greatly 
affected by the water content and also by the color of the soil. Wet soils, 
because of the high specific heat of water, warm slowly, and especially 
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if they are light in color. Thus, a wet soil, such as a marsh, lowers the 
air temperature, partly by increasing humidity which, in turn, decreases 
insolation. In such low areas, frosts are especially frequent and severe. 

The effect of exposure is closely connected with slope. Slopes that 
face south and west receive the most sunshine and are regularly wanner 
than north and east slopes. Hence, in mountainous regions, forest com¬ 
munities, whose upward extension is directly or indirectly limited by tem¬ 
perature, may occur much higher on warmer slopes.Lodgepole pine 
(Pinus contorta murrayana)^ for example, is generally found in Colorado 



Fig. 183,—Timber line on the east side of Pike's Peak at aVjout 11,000 feet altitude. 
The forest consists of EiiKelmanii spruce {Picea engelmanni) and limber pine {Pinus flexilia). 
{Photograph by Pool.) 


between altitudes of 8,000 and 10,000 feet. But on warm, south slopes 
it may extend as higli as 11,000 feet and as low as 7,500 feet on cold north 
ones.^^® Timber line, i.e., the uppermost exteiLsion of forest growth, is 
often 1,000 feet higher on south than on north slopes®®® (Fig. 183). In 
general, the larger the mountain mass and the higher the mountains the 
greater the altitude to which the tree limit attains (Fig. 184). Ponderosa 
pine (Pinus ponderosa) may extend far upward into the Engelmann 
spruce (Picea engelmanni) zone on dry, well insolated slopes, while the 
spruce follows the deep canyons almost down to the plains where the 
canyons are watered by cold streams and subject to cold-air drainage. 

In growing fruit trees and other crops in regions of rough topography, 
careful account should be taken of the slope and temperature relations. 
Strawberries may be brought to bearing many days earlier if planted on 
a south-facing slope where both soil and air are wanner. North slopes 
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may be selected for orchards to retard blossoming and consequent 
damage by late frosts.^® 

Temperature Inversions and Cold-air Drainage. —In hilly and other 
rough lands, a well marked, local temperature effect is often noted in 
valleys or depressions into which the denser, cold air sinks at night during 
the summer. On benchlands and the upper slopes of tablelands, the 
average temperature may be 6 to 10°F. or more above that of the valley 
bottoms below, which during the day are warmest.^-* Such temperature 
inversions are particularly effective on cold, calm nights and in arid or 
semiarid regions where there is little cover to prevent rapid radiation. 
Sometimes the line of temperature variation between the layer of cold 
air below and warmer air above may be so marked that blossoms on the 
lower part of a tree will be frozen while those above escape freezing and 



Fig. 184. —Effect of slope on distribution of desert vegetation, oak woodland, yellow pine, 
and Douglas fir forest in the Santa Catalina Mountains in Arizona. {After Skrtve.) 

form fruit abundantly. This settling of the colder air is termed cold- 
air drainage. It often creates distinct air currents as it pours down 
mountain canyons by night. Sometimes, certain species or communities 
of plants are limited in their upward distribution to the wanner exposed 
ridges but do not occur in the area subject to cold-air drainage. Timber 
line on mountains is profoundly modified by the effects of cold-air drain¬ 
age, as a result of topography. 

Temperatures Favorable and Unfavorable to Plants. —Plants are 
adapted to a wide range of temperature. Some species are able to 
grow in extremely low or extremely high temperatures as long as water 
is available in the liquid form. In fact, some of the lower forms of plant 
life such as algae may grow and fruit in arctic waters at temperatures 
below zero, the salt of the ocean lowering several degrees the temperature 
at which the water congeals. Conversely, numerous algae and bacteria 
thrive in hot springs at temperatures as high as 77°C. and a few fungi 
can endure temperatures of 89®C. In general, the temperatures of the 
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plants' own habitat are most favorable to their development. For 
tropical plants, air temperatures above 90®F. are most favorable. Most 
temperate plants make their best development between 60 and 90®F., 
while arctic and alpine species may grow at temperatures only slightly 
above the freezing point. 

Plants are subjected to a considerable range of temperature during 
their period of growth. They grow only when the temperature remains 
within certain limits, and mature and die or become dormant when it falls 
too low or becomes too high. Thus, low temperatures enforce a resting 
period upon plants of temperate and boreal regions just as there is a rest¬ 
ing period for vegetation in climates where there is at certain periods an 
insufficient water supply to meet the demands of transpiration. In both 
cases the response is the same. The plant reduces water loss by shedding 
its leaves or in other ways, and life activities are maintained at a low rate. 

Optimum Temperatures. —^The temperature at which a plant func¬ 
tions best is called the optimum. Optimum temperatures for the various 
physiological processes, e.g.j i)hotosynthesis, respiration, and reproduc¬ 
tion, are themselves difficult to delimit because each depends upon a 
group of i)hysical and chemical factors any one of which may . limit a 
particular process. In general, the various optima for the different 
physiological processes do not coincide, that for respiration, for example, 
being much higher than the optimum for food manufacture. Hence, it 
seems clear that the ecological optimum or temperature at which the 
plant as a whole develops best is never a mere point but a range of several 
degrees at least. As the chemical and physical processes within the 
plant are quickened by a favorable temperature, demands for water and 
nutrients are also increased. Only when these are abundant do there 
occur optimum conditions for metabolism and growth. For germination 
and seedling development, these are much lower than those for the 
fruiting plant. 

Maximum Temperatures. —The maximum temperature that can be 
tolerated without injurious effects in the plant, often resulting in death, 
varies greatly with the species. It seems to be an inherent quality of the 
protoplasm, fixed as a result of the impress of certain temperature relar 
ions throughout untold generations. Such temperatures are very 
TUosely connected in nature with alterations in the water relations, i.e., 
available water supply to the roots and the cooling effect of water loss 
irom leaves and shoot, and these become almost hopelessly confused 
with the temperature effects. At high temperatures, because of water 
or other relations, the growth rate rapidly falls and soon a point is reached 
beyond which the plant dies. At about 40®C., changes begin to occur 
in the protoplasm that are inimical to the life of the plant, and most 
plants succumb at temperatures between 45 and 55°C. 
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Like minimum temperatures, maximum ones vary widely with differ^ 
ent species. Some tropical plants carry on their life processes at tem¬ 
peratures so high that most plants if subjected to them would die in a 
very short time. Furthermore, a plant withstands extremes of heat and 
cold much better in some stages than in others. It is least resistant in 
the active condition when the tissues are filled with water and most 
resistant in the resting state typical of spores, seeds, corms, etc. When 
dry, seeds can endure temperatures above 100°C. although they are 
readily killed at 70°C. if water-soaked. Certain species of yeasts have 
been shown to be capable of enduring a temperature of 114°C. when dor¬ 
mant, and bacteria in the spore condition are able to withstand tempera¬ 
tures of 120 to 130°C. 

Minimum Temperatures and Freezing. —The minimum temperature 
at which any plant can continue activity is approximately the freezing 
point of water. Some arctic and alpine plants {e.g., marsh marigold, 
CaUha; dog^s-tooth violet, Erythronium) may produce their flowers after 
coming up through banks of snow and may continue to flourish, although 
the temperature falls below freezing every night. The activities of 
marine algae at temperatures below zero have been mentioned. On the 
other hand, many tropical plants are retarded in growth at 2()®C. and 
are frequently killed at 10®C. The minimum temperature, moreover, 
varies greatly at different times of the year and with different conditions 
of the plant as well as with its previous experience with low ternpera- 
tures.®**^'^®^® The chief difference lies in the amount of water the plant 
contains. The watery leaves and herbaceous stems of plants of tem¬ 
perate climates, for example, are usually killed by an exposure to 0°C. 
and frequently at temperatures 2 to 4®C. above frec^zing.®*^'^ The drier 
seeds and inactive underground parts resist the long contimu-d effect of 
temperatures of —30 to —40°C., dry seeds being uninjured by —193 to 
— 250°C.^®^ Death by winterkilling or cold at any time is usually a 
matter of desiccation and its attendant results brought on by low 
temperatures. 

Since the cell sap always contains solutes that depress its freezing 
point, only temperatures lower than 0®C. cause the water to congeal. 
Plant tissues can be undercooled several degrees below the freezing 
point*®® and warmed up again without injury provided no ice formation 
occurs.’®^'A plant or its growing parts (buds, cambium, etc.) are not 
necessarily killed, even though they are solidly frozen. Arctic explorers 
on the coast of Siberia report plants, such as (;ertain mustards {Cochlearia)^ 
being overtaken by winter and exposed to extremely low temperatures 
(—46°C.) while still in the flowering stage. In spite of this, they 
began again to blossom quite unharmed upon the recurrence of warm 
weather. 



TEMPERATURE 


369 


To Observe the Appearance of Ice Crystals in Buds.- -On a cold day in winter- 
when the temperature is 15®F. or lower, cut sections of buds of white birch {Beiula 
alha), red elm (Ulmus fulva)^ or lilac {Syringa). This must be done in a place where 
the temperature is well below freezing and the sections mounted in cedar-wood oil so 
that the water from the melting ice cannot evaporate. Immediately examine them 
under a microscope that has been thoroughly cooled. Note the crystals of ice between 
the bud scales wliicili they have more or less pushed apart. Observe closely the 
changes as the ice slowly melts and the spaces in which the ice is collected shrink as 
the water is reabsorbed by the cells. 

Nature of Freezing Injury ,—When plant tissues freeze, water is 
withdrawn from the cells much as it is when they wilt, and crystals of 
ice form in the intercellular spaces. This explains the flaccid condition 
often observed in frozen plants. The film of pure or nearly pure water 
on the outer surface of the cell wall freezes first. Water is then with¬ 
drawn from within the cell wall, next from the protoplasm, and finally 
from the cavities or vacuole to replace tliis film. It is the force of crystal¬ 
lization that causes the water to move outward. After equilibrium is 
established between this force and the water-retaining power of the cell 
at any temperature, no more water freezes unless the temperature becomes 
lower.It seems almost certain that death is not due to cold but to the 
results attending this jirocess of desiccation.Whether the cells are 
kilhjd directly by loss of water on freezing or by changes taking place as a 
result of this water loss, the rate of thawing has no effect, since they are 
already d(>ad. But among plants capable of standing some ice for¬ 
mation in th(nr tissues, slow thawing is least harmful, since it enables 
them to reabsorb much of the w^ater that has been withdrawn into the 
intercellular spaces that might be lost if thawing were rapid. 

Plant tissues may perish while thawdng as well as while frciczing.**®^ 

The result of withdrawal of water from the cell is a greater concentra¬ 
tion of the salts within. This may be accompanied by an increased 
hydrogen-ion concentration. Certain proteins are precipitated in strong 
salt solutions, and it is generally believed that the chief cause of injury or 
death by freezing is the precipitating of proteins from the desiccated 
protoplasm, though some regard the injury as mechanical, due either to 
the pressure of ice or to stress set up by the displacement of water.®^® 
For example, it has been shown that approximately One-third of the 
proteins in frozen plants of cereals are precipitated. In the tender 
begonia, protein precipitation occurs at — 3°C.; in winter rye, at — 15°C,; 
and in pine needles, not until a temperature of — 40®C. is reached.®^ 

Resistance to Freezing. —Water-imbibing substances and osmotic 
pressure decrease the outward movement of water from the plant cell.*®® 
In general, it has been found that plants and tissues wdth the greatest 
water-retaining power are also the most resistant to both freezing and 
drought. Hence, it is rarely the youngest tissues or parts that are injured 
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by freezing. In winter wheat, for example, injury progresses in a given 
plant from the older to the younger leaves, and the crown containing 
the dense protoplasm characteristic of meristematic tissues is the most 
hardy.”® In northern latitudes, most evergreen trees, shrubs, and herbs, 
as the temperatures become lower, convert their reserve supply of starch 
into fats and oils. This also occurs in certain deciduous trees like the 
birch. It is well known that water in the presence of fatty oil in the form 
of an emulsoid may be much undercooled before ice formation takes place. 
Moreover, in many cases, an abundance of sugar occurs in the cell sap. 



Fig. 185. —Increase in atmospheres of osmotic prossure of cell sap in loaves of ever¬ 
green plants in Idaho during fall and winter and decrease during spring and summer: 1, 
white fir {Abies grandia); 2, Douglas fir {Paeudotauga taxifulia); 3, a shrub, Pachiatima 
myrainitea; and 4, ponderosa pine {Pinna ponderoaa). {After Gail.) 

A consistent increases in the osmotic pressure of the cell sap of ever¬ 
green trees and shrubs with decrease in temperature during fall and winter 
has been demonstrated®®®-®®^ (Fig- 185). This further decreases the 
freezing point of the water, and the danger arising from the salting 
out of the proteins is further minimized. During freezing or as a result 
of freezing, sucrose may be changed to the reducing sugars and the 
osmotic efficiency consequently greatly increased.®^® The presence, 
moreover, in the cell of these nonelectrolytes decreases the tendency to 
precipitate proteins.®*®-®®® • 

Pentosans, mucilages, and pectic bodies, which have a high water- 
retaining power, are abundant in many plants and further decrease the 
danger from desiccation and consequent death.®*® In the living leaves of 
Pyrola, a typical evergreen herb of boreal forests, ice formation does not 
begin until a temperature of —31®C. is attained.^*^-®®® 
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Thus, as a result of various modifications of metabolism and proto* 
plasmie content resulting from long experience with periodically low 
temperatures, plants have become adapted to freezing by their ability 
successfully to resist desiccation. In fruit trees, such as plums, for 
example, it has been demonstrated that while the hardy varieties may 
not have a higher water content than the nonhardy ones, the buds are 
able to retain a nearly uniform water supply under conditions of extreme 
cold (drought), while the nonresistant varieties become desiccated and 
die. In the hardening” of plants, similar changes are produced.*®^ 
The mechanism of frost resistance is not yet fully understood; cell 
permeability seems closely correlated with hardening against frost.®*® 
The seat of the major resistance may be the living protoplasm. 

Hardening .—Hardening is the practice of rendering plants less 
susceptible to drought and frost injury. Seedling vegetables grown in a 
greenhouse or hotbed are very susceptible to drought and freezing. If 
they are placed in a cold frame for a few days at a temperature several 
degrees above freezing and watered sparingly before setting into the field, 
they increase in hardiness to a point where some varieties will withstand 
frost. In fact, certain varieties, such as cabbage, may be frozen stiff 
without injury. Cells whi(!h are sensitive to a few degrees of frost may 
become capable, in extreme cases, of enduring — 40®C. or even lower 
temiKJratures without injury.®*® The hardening process in plants is 
accompanied by a marked increase in the water-retaining power of the 
cells that enal)les them upon freezing to retain a large proportion of their 
water content in the unfrozen state. This is associated with a decrease in 
total w^ater content; an increase in the amount of hydrophilous colloids, 
such as pentosans, together with an increase in their power to hold water; 
and an increase in the amount of osmotically active substances such as 
sugars. Other important changes also occur. The proteins of the proto¬ 
plasm are changed to forms that are soluble in water and less easily 
precipitated.®®'*’®® For example, by subjecting the expressed sap of non- 
hardened and hardened cabbage to a temperature of —4°C., a tempera¬ 
ture that would kill the nonhardened cabbage but not the hardened 
plants, it was found that 31 to 44 per cent of the proteins in the former 
were precipitated but only 9 to II per cent of the latter.*®® 

The first three changes mentioned above may take place in a rela¬ 
tively short period of time when the activity of the plant is limited by cold 
or drought; the last is important only in plants hardened by prolonged 
exposure to cold. Hardy species and varieties of plants possess the 
ability to initiate these changes to a greater or lesser degree; while non¬ 
hardy ones possess it only to a slight degree or not at all.’*® Winter 
wheat, for example, hardens readily, and certain varieties can withstand 
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drought and extremely low temperatures, but oats seem to lack this 
ability and are resistant neither to drought nor to low temperatures.^®® 

Some plants may be hardened by subjecting them to drought before 
the advent of freezing. It is a common practice among foresters thus 
to harden seedlings in nurseries, and similar results may be obtained by 
withholding water in orchards, if under irrigation, or otherwise by the 
use of appropriate, late-sown cover crops. The changes in the cell are 
similar to those brought about by hardening due to low temperatures. 
Perennial plants, in general, are much less likely to be winterkilled if 
they undergo a period of moderate drought than if they are kept wet 
and green up to the time of severe freezing. The hardiness of some 
plants, e.g., certain varieties of peaches, is due to the slowness with which 
they absorb water in spring. The sap in the buds remains at such a high 
concentration that they are not readily injured by freezing. 

In recent years mechanical refrigeration has been extensively used in 
selecting cold-resistant varieties of wheat, alfalfa, and other crop 
plants.®®^'^®® 

The Sum of Temperatures. —The activity and growth of any plant 
depend upon its receiving the requisite amount of heat during the growing 
period. The influence of temperature on the size of the plant is very 
great because of its control over growth. The sum of the temperatures 
that act upon a plant is of the first importance in determining its general 
appearance. The effect may be produced either by temperatures that 
are more or less constantly too low or by shortness of season, which is 
equally effective in reducing the total amount of heat available for the use 
of the plant ®^2 186). 

Since temperature is one of the most influential of all climatic; factors 
affecting plant growth, it has received much attention in connection with 
crop production. In spite of much study, very little is known about the 
relationship between air temperature and the development of any crop. 
Could the heat requirement of various crops be stated in terms of tem¬ 
perature and time, it would be of immense advantage to agriculture.®”® 

For many years, an effort has been made to determine the total of the 
effective heat units necessary to grow various crops to maturity. Since 
all temperatures below the minimum are ineffective in promoting growth, 
it was first necessary to select a plant zero, i.e., a temperature above 
which growth begins. Since this varies for different crops and, to some 
extent, with other conditions such as latitude and altitude, length of day, 
etc., different plant-zero points have been suggested, such as the mean 
daily temperature of the average date of planting. ^ 2 . 484 latter is 

about 37®F. for spring wheat, 55°F. for corn, and 62°F. for cotton. It 
varies but little, regardless of where the crop is grown.®^ The plant zeros 
most used, however, have been 43 and 40°F., and three summation 
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processes have been employed to determine the effect on plant growth of 
temperature sums above this point.®^^ . 

Remainder Indices .—^By the process of remainder indices of tempera¬ 
ture efficiency for plant growth, which has been used most frequently, 
all mean daily temperatures above the plant zero during the life of the 
crop have been added together. This would be 10® for a day with a 
mean temperature of 53®F.; 15° for one with 58°F.; etc. Obviously, a 
degree of heat at 60°F. is of much more value in promoting growth than 
one at 50°F. Hence, it is not surprising that the total units for a given 
crop in a particiular region vary so widely that they have little significance. 



Fig. 186.—Alpine mats of moss campion (Silene acauHs) growing on the north side of a 
rock. The effect of different temperature sums is shown by the number of flowers. 

The heat units for corn in Ohio during a period of 27 years varied from 
1,232 to 1,919 from sprouting to flowering, and from 897 to 1,607 from 
flowering to ripening.®®'* 

Merriam's division of the United States into life zones and crop zones 
is based upon the sums of heat thus determined, together with the mean 
temperature for the 6 hottest consecutive weeks. The sums thus 
obtained at various stations were plotted and connected by isothermal 
lines. The United States was thus divided into various life zones. The 
transition zone, for example, has for its northern boundary lines con¬ 
necting stations with heat sums of 10,000®F. (northern parts of Minnesota, 
Wisconsin, and New York), while its southern boundary is along a line 
with 71.6°F. for the 6 hottest weeks (northern parts of Iowa, Illinois, and 
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Maryland). From the standpoint of natural vegetation, this classifiea 
tion is necessarily unsatisfactory, since temperature is far less critical 
than water to native species. For example, it places such diverse 
vegetational units as climatic grassland, pondcrosa-pine forest, and sage¬ 
brush desert in the same subdivision of a zone, z.c., arid transition. The 
conclusions reached by this author have been largely adopted by many 
of the earlier students of plant and animal geography, despite the exceed¬ 
ingly tentative nature of the data on which they are based.The zonal 
terminology has, moreover, been so widely used that the student will do 
well to familiarize himself with it.®^^ 

Exponential Indices .—Exponential indices of temperature efficiency 
for plant growth are based on the fact that the physiological processes 
of plant metabolism are chemical and physical and follow the principle 
of van^t Hoff and Arrhenius. This principle states that the chemical- 
reaction velocity approximately doubles for each rise in temperature of 
18°F. On this basis, indices of temperature efficiency have been cal¬ 
culated, assuming that general plant activity occurs at unity rate when 
the daily mean temperature is 40°F. and that this rate is doubled with 
each rise of 18°F. in the daily mean. Thus, with a daily mean of 58°F. 
the rate becomes 2, with a mean of 76°F. it becomes 4, etc;. Hence, the; 
index of efficiency I may be found for any temperature t by substituting 

<-40 

in the formula / = 2 that of 94° would be 2® = 8).'^^^ Increasing 

temperature is not accompanied by increased growth throughout the 
range of the growth rate from the minimum to the maximum. Instead of 
the growth of wheat, for example, doubling at 1()()°F. that which occurred 
at 82°F., it actually decreases. An optimum temperature can always be 
found above which the previously increasing growth rate begins to 
decrease. 

Physiological Indices .—Physiological indices of temperature efficiency 
for plant growth take into account the optimum temperature. The 
method is of such a nature that both low and high temi)erature values 
give efficiency indices of zero, and intermediate temptTature values give 
indices whose graph shows a well defined maximum. Variations in 
the growth rate of corn seedlings were experimentally determined at 
different constant temperatures of long duration.®^® From these, the 
efficiency index for each degree of temperature between 36 and 118°F. 
was calculated. For example, the value at 36°F. is 0.1; 40°F. is 1.0; and 
58°F. is 16.1. At 89°F. it reaches a maximum of 122.3 and falls again to 
0.1 at 118°F. This method is more promising than any of the preceding 
and as a laboratory experiment and a basis for ecological investigation 
the information obtained is of great value.®®^ In nature, how(;ver, any 
one temperature is not long maintained. Care should be taken in apply- 
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ing the results to plants in the fields and maps of temperature eflBciency 
and provinces constructed on these bases, as their authors, realized, 
may be considered scarcely more than sugges^tive. Finally, it must be 
remembered that temperature is only one of a series of a complex of 
environmental factors that affect plant growth. 

Influence of Temperature on Vegetation. —^There are probably few 
places on the surface of the earth that are either too hot or too cold 
for some plants to grow. Even in boreal regions, the temperature in 
summer is always well above the limits at which growth is possible, 
although this period may extend over only a few weeks. Consequently, 
many species, especially annuals, arc excluded. Plants of alpine and 
high arctics regions are almost exclusively low-growing perennials in 
which rapid growth is due to utilization of food accumulated the previous 
season. SimiJarly, plants of the hottest deserts, where continuous growth 
is limited by extreme heat, have living parts buried deeply in the soil. 
Upon the advent of a moist or rainy season, when the temperatures are 
reduced and water becomes available, they draw upon their reserve food 
supplies and rapidJy develop. 

Temperature lias no effect upon plant distribution in local migra¬ 
tion, but it has a profound influence upon ecesis of the migrants.®®® 
Considering tenifx^rature alone, ecesis is more certain if the migration is 
east or west than if it is northward or southward. Generally, also, 
the chances for ecesis are greater equatorward than they are poleward. 
Migration to the east or west does not essentially change the relation 
of th(i plant to temperature. Migration equatorward means that the 
plant must accustom itself to higher temperatures as well as to greater 
annual sums. Maximum temperatures may be directly operative in 
preventing the extension of plant ranges, the temperature of the soil 
surface and of the air just above being especially important. While 
adjustment to higher temperatures is taking place, the plant may be at a 
disadvantage in competition with others already well established.^®® 

Plants that migrate northward, in addition to a corresponding 
adjustment to lower temperatures and a lower sum, run an increasing 
risk of encountering a fatal miriimum.®^^ This risk is greatly increased 
by the fact that southern plants require a longer period for their life 
cycle than northern ones and in a northern latitude are often unable to 
reach maturity before the regular appearance of killing frosts. The 
evergreen habit is clearly advantageous where the growing season is very 
short, none of the very restricted period during which temperature is 
high enough for photosynthesis being squandered in the production of a 
new canopy of foliage.®’^ Such species occur regularly in cold climates 
and at high altitudes. It frequently happens that the limiting condition 
J)reventing the occurrence of certain species in an area is the nature of 
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the surroundings during a dormant period. In fact, it may be found 
that the length of the dormant period during which growth cannot 
occur is as important in plant distribution as is the duration of the grow¬ 
ing period itself.®®^ Even dormant plant protoplasm may be destroyed 
at extremely low temperatures. 

The same fundamental rule of distribution applies to mountains, 
the increasing cold upward makes ecesis more uncertain than it is down¬ 
ward. The grouping of species, which is a process in the formation of 
vegetation, is in accordance with these facts. In consequence, vege¬ 
tation exhibits zones extending east and west upon continents. The 
isothermal lines are usually deflected southward with increase in altitude. 
This occurs on either side of the three main mountain systems of North 
America. They bend northward near the Atlantic and Pacific oceans. 
Along mountain ranges the zones are, in general, lengthwise of the range, 
although many minor factors such as the extent of the mountain masses, 
slope exposure, air currents, and proximity to bodies of w^ater interrupt 
a regular distribution. 

While temperature is the most important factor in determining the 
general distribution of vegetation, its effect is much greater upon the 
flora than upon the kind of vegetation. Grassland, forest, and desert 
all occur in each of the great temperature zones of the earth, but the 
component species of forest, for example, in each zone are very different.®^® 
Temperature also is the most important factor in determining the distri¬ 
bution of crop plants. The northern limit of the successful commercial 
production of cotton is determined almost entirely by temperature 
conditions. The isotherm of 10®F. for the daily minimum tempera¬ 
tures of January and February, for example, coincides, in general, with 
the northern boundary of winter-wheat culture in the United States, if 
this boundary is taken as the line beyond which spring wheat is grown 
more commonly than winter wheat.Potatoes, on the other hand, 
give the highest yields in regions with lower summer temperatures, 
since tuber growth is retarded by high temperatures. Temperatures 
of the growing season alone limit the growth of certain crops such as 
corn, while others, c.g., grapes, are limited by the temperature of the non¬ 
growing season as well. East of the Rocky Mountains, the agricultural 
areas have more or less distinct boundaries that correspond, in general, 
with the east and west trend of isothermal lines. The more important 
ones from south to north are the humid subtropical crop belt, the cotton 
belt, the hard winter-wheat region, the corn and winter-wheat belt, the 
corn belt, the spring-wheat region, and the hay and dairy region (Fig. 
187). 

Relation of Air Environment to Disease. —The close relationship 
that exists between temperature, humidity, and other conditions of the 
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weather and plant disease has long been recognized. So obvious is 
this relation to the relative damage to grain by rust or mildew that the 
grower often believes that unfavorable rainfall^r temperature is the direct 
and only reason for this trouble. ^2.909 

Some diseases are due directly to unfavorable environmental factors, 
for instance, tipburn or sunscald to high temperatures, and russeting of 
apples and pears to high humidity. The latter, for example, results from 
a cra(;king and weathering away of the epidermis of the fruits and an 
increased development of corky parenchyma beneath. It occurs espe¬ 
cially in humid climates or during rainy seasons and is due entirely to high 



Fiq. 187.—Agricultural regicms of the United Statea. {Courtesy of U. S. Department of 

Ayriculture.) 


humidity. In dry climat(?s, under irrigation, the fruit is smooth skinned 
since russeting does not occur.®®® The great majority of plant diseases, 
however, are due to bacteria or fungi. 

Excessive shade, whether due to clouds or to foliage, and high tem¬ 
peratures accompanied by wind, high humidity, and heavy dews are ideal 
conditions for the rapid dissemination and development of a variety of 
bacterial diseases. Under such conditions, fire blight of pear, caused by 
Bacillus amylovorus, often breaks out like a conflagration, spreading over 
whole orchards. Other bacterial diseases such as the black spot and 
canker of the plum, bean blight, and angular leaf spot of cucumber spread 
rapidly and bec^ome most destructive under conditions of cloudy weather 
and heavy dews. Black rot of cabbage likewise develops rapidly under 
similar conditions. During moist, warm autumns, bacterial diseases 
of the potato may destroy almost the entire crop over extensive districts. 
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Weather conditions, to a large extent, also determine the spread and 
severity of fungus diseases of plants, since favorable moisture and tem¬ 
perature relations are necessary for spore germination and consequent 
infection of the host. Humid days in midsummer are absolutely neces¬ 
sary for bad epidemics of the late blight of potato caused by Phyiophthora 
infestans. The control of carnation and chrysanthemum rusts in the 
greenhouse, if the spores are present, depends upon keeping the leaves 
free from moisture and maintaining a low humidity. The amount of 
rust on asparagus in California is directly proportional to the occurrence 
of dew. Cereal nists are most destructive when the weatlier is damp and 
cool. 

Relation of Infection of Cereal Rusts to Humidity. —Fill six 2.5-inch flowerpots 
with potting soil in good tilth. Plant 15 kernels of some susceptible wheat, such as 
Little Club or Marquis spring wheat in each. At the end of a week, or when the first 
leaf is nearly full grown, thin to 10 per pot by pulling out the other plants. Inoculate 
each plant with viable rust spores of Pucciriia graminis triiici^ by moistening the leaf 
and rubbing it lightly between thumb and finger and then transferring the spori>s to 
the wet leaf surface with a flattened needle. 

Place two pots under a large, closed bell jar together with a glass of water, and two 
others under an open bell jar raised a centimeter from the greenhouse bench and 
containing also a glass of water. Put the remaining pots on the bench without 
cover. The plants should be transferred to their respective places immediately 
after inoculation and before the leaves dry. In case of bright sunshine, shade the 
containers and plants to prevent high temperatures. 

Determine the humidity under each set of conditions at least twice during the 48- 
hour period of inoculation. This may be done by cutting a cinuilar hole 5 millimeters 
in diameter in the center of a thick felt paper large enough to cover tlie bottom of the 
bell jar. Make a slit from the hole to the edge of the paper and insert a cog psyc.hrom- 
eter just above the ^vhirling device. A similar paper inserted from the o])posite 
side reenforces the first, and when the two are held against the bottom of the Ixdl jar 
they close the latter while the humidity is being determined. 

After 48 hours, place all the plants, properly labeled, in a group on the greenhouse 
bench. At the end of 10 to 14 days cut away all but the original leaf and (hrtermine 
the percentage of rusted plants in each lot. 

(Rust spores may readily be obtained in summer and an abundant supply main¬ 
tained at all times by inoculating new host plants every 3 or 4 weeks.) 

Brown rots of stone fruits are intimately associated with abundant 
precipitation and a humid atmosphere. A week or more of damp weather 
during the period of ripening of peaches, plums, or cherries may result 
in such abundance of the fungus that the entire crop over an extensive 
area may be ruined. Likewise, the fungus causing black rot of grapes is 
most destructive under similar conditions. 

The destructiveness of the dry rot of potatoes caused by species of 
Fusarium gradually increases as the relative humidity is increased. With 
a high humidity at a given temperature, the rotting is always greater 
than at 5 to 10®C. higher with a low humidity.Moisture and tenr. 
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perature play a leading part in determining the severity of apple scab, the 
disease being most severe where the climate is humid and cool ip spring 
and early summer. 

Environmental conditions may affect the various diseases quite dif¬ 
ferently. During a cool summer in southern Wisconsin, tobacco grown 
on “tobacco-sick” soil was practically a failure as a result of the excessive 
development of the root-rot fungus. But during a hot summer on the 
same soil, a good crop of fairly healthy plants developed. Conversely, 
the cabbage crop on old “cabbage-sick” soil during the cool sununcr 
was relatively free from “yellows,” another parasitic disease caused by a 
soil-inhabiting fungus, while during the hot summer following, the disease 
practically ruined the whole crop.*^ 

Explanation of the occurrence and severity of a parasitic disease 
requires not only identification of the causal organism but also the defin¬ 
ing of the environmental factors favorable or unfavorable to its develop¬ 
ment. Becau.se of the complexity of the environment and the continually 
changing combinations of factors, the latter is often the more diffi- 
287.1008 Development of technique for determining the specific effects 
upon the metabolism of host and para.site of individual environmental 
factors is rehatively recent, but much progress has been made and the 
outlook is promising. 
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LIGHT 

Light is one of the most important factors determining the growth of 
plants and the development of vegetation. The sun is the source of 
energy for plants. Light is that part of the radiant energy which is 
visible to the eye. It is from this radiant energy that chlorophyll absorbs 
certain wave lengths (from about 0.75 to 0.4 micron or /*) which enable 
the chloroplasts to manufacture food. The word sunlight is commonly 
used to mean solar radiation in a general .sense, thus including ultraviolet 
and infrared wave lengths. Sunlight cj)me.s to the surface of the earth 



in electromagnetic waves, which are measured in thousandths of milli¬ 
meters (microns) or millionths of millimeters (millimicrons). The wave 
lengths and distribution of energy in the visible region of the solar spec¬ 
trum, the ultraviolet, and infrared are shown in Fig. 188. The value 
of solar radiation at sea level is approximately 1.5 gram calories per square 
centimeter per minute. In terras of illumination this corresponds to 
10,000 foot-candles. Only about 39 per cent of the total radiation 
reaching the earth from the sun is visible light. About 60 per cent is 
infrared, and 1 per cent is ultraviolet. 

A very small amount of the radiant energy striking the leaf is used in 
the photosynthetic process. In the case of Polygonum, Tropaeolum, and 
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HelianthuSj it was found to be only 0.42 to 1.66 per cent of the radiant 
energy available for photosynthesis.^®® Much of the radiant energy, 
including especially wave lengths longer than those visible, is absorbed 
and changed into heat energy. Of the total radiant energy incident upon 
a leaf, about 50 per cent is thus transformed and used in the vaporization 
of water; 19 per cent is lost by reradiation; and 30 per cent reflected from 
the surfacje of the leaf or transmitted through it.^^^ Thus, the study of 
the effect of light upon plants and vegetation in general is greatly compli¬ 
cated because of the accompan 3 dng heating effect. The process of photo¬ 
synthesis is conditional on temperature, the rate increasing, at the usual 
temperatures to which the plant is accustomed, according to vaii’t Hoff's 
law, provided no other factor becomes limiting. The rate approximately 
doubles with a rise in temperature of 18°F. 

EFFECTS OF LIGHT ON PLANTS 

Light aff(‘cts jdants in many ways. Through its action cddorophyll 
and otlier pigments, growth substances or hormones, as well as carbo- 
hydrates are synthesized. Light influences the number and position 
of the chloroplasts, the opening and closing of stomata, and has a profound 
effect upon transpiration. It is the photic stimulus that results in tropic 
responses, as the turning of stems and leaves. Through the action of 
light in the formation of spcicific chemical substances, profound influences 
are brought to bear on processes of growth and those concerned in the 
differentiation of specialized cells and organs, as is illustrated in developr 
ment of palisade in leaves, the growth of storage organs, and roots. Light 
influences the whole course of development of the plant, exerting a pro¬ 
found effect upon its characteristic form and structure. 

Production of Chlorophyll.—^Light is nec(jssary for the formation of 
plant pigments. A primary response of the plant to light is the produc¬ 
tion of chlorophyll. This response does not occur in plants such as 
bacteria, fungi, and broom rape {Thalesia)^ in which the powder to make 
chlorophyll has never been attained or has been lost in consequence of 
parasitic or saprophytic habits. Certain plants, moreover, such as 
seedlings of most conifers, young fern fronds, some mosses and one-celled 
algae, become green in the absence of light.®®^ With these exceptions, 
plants with plastids produce chlorophyll only in light, and the chlorophyll 
practically always disappears in continued darkness. Although some¬ 
times formed in darkness, chlorophyll cannot function in synthesis of 
carbohydrates without light. 

The occurrence of chlorophyll beneath the outer bark in trees, how¬ 
ever, indicates that only a small amount of light is required. The neces¬ 
sary light intensity varies in different species. In some, such as Norway 
maple {Acer platarwides) and peppergrass {Lepidium sativum)^ it forms 
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in shaded habitats at less than 0.3 per cent.^®®® At least over 1 per cent 
is required in temperate climates, however, for the species most tolerant 
to shade to carry on sufficient photosynthesis for growth. There is 
probably no place even in dense forests where plants could not form 
chlorophyll, but there are many places where even very tolerant plants 
cannot carry on photosynthesis, at least rapidly enough to live. 

Chlorophyll content varies in the same spe(‘ies or plant from year to 
year, with increasing age of the plant, with environmental conditions, and 
even from day to night.It has been found for a variety of plants, that 
the concentration of chlorophyll per unit area or weight of leaf increased 
with decreasing light intensities until the intensity was so low it hazarded 
survival.®^^ 

Shade leaves of the more plastic species have a higher chlorophyll 
content compared with corresponding sun leaves or sun species. The 
relative chlorophyll content also varies widely among different plants 
and the rate of photosynthesis has recently been found to vary with the 
concentration of chlorophyll. 

Influence upon Number and Position of Chloroplasts. —The clue to 
the internal structure of the leaf is found largely in the light relation. It 
has been seen that only a small amount of the radiant energy absorbed by 
the chloroplasts is used in photosynthesis and that a large amount is 
converted into h(^at, which produces vaporizatit'n of water. This process 
results in maintaining a lower temperature in the k^af. The effect is 
not so pronounced in the shade, owing to less insolation. In the upjx'r 
part of the leaf which receives full sunshine, and where chloroplasts are 
much more abundant, they are arranged in line with the dire(‘tion of 
light and thus screen each other from the full effect of th(‘. radiant energy. 
This reduces the amount of water loss. It has been shown that a single 
layer of chloroplasts absorbs about 30 per cent of the light falling upon 
it. Absorption in the second layer is reduced to 21 per cent, in the third 
to 15 per cent, and in the fourth to 10 per cent, but deeper layers of 
chloroplasts absorb very little light.Light w^as found to pass through 
only 5 layers of chloroplasts in a bean (Phaseolus multijiorus) but through 
9 in the castor bean {Ricinus communis) Since the chloroplast may 
undergo a change of position under different light intensities arid also 
contain variable amounts of photosynthate, the absorption of light by a 
leaf is variable."^®® 

In the shade, the danger of excessive water loss is slight, while the 
need of obtaining all the light possible is imperative. Accordingly, 
the plastids, which are fewer in number, are arranged at right angles to the 
light rays, thus increasing the surface for absorption. This arrangement 
of the plastids is not only found in sun and shade leaves, but it is also 
typical of nearly all horizontal leaves (Fig. 189). The lower portion of 
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the horizontal leaf is just as truly shaded as a leaf growing in a forest, and 
the chloroplasts are arranged in such fashion as to receive as much light 
as possible. This arrangement is usual but it is not absolute, owing to 
lo(^al modifications due to the position of air passages and the necessity 
of the diffusion of water and solutes from cell to cell. 



I 


Fiq. 189.—Position of rhloroplasts in (1) sun leaf of narrow-leaved four-o’clock {Allionxa 
linearis), (2) in a leaf of the shade form, and (3) in one found in very deep shade. {Drawn 
by Edith E. Clements.) 

Changes in Leaf Structure.—The leaf undergoes the greatest modi¬ 
fication as a response to light (radiant energy) of any organ of the plant. 
Stems may be modified to some extent when they contain chloroplasts. 
Roots, not being exposed to the light, show only indirect effects such as 
result from differences in growth due to an increased or decreased suppb 
of photosynthate and the response to a well lighted (hence, usually dry] 
or a moist, shady habitat.®**’^ 

Differences in the thickness of leaves grown in the sun and shade 
are usuallv marked. Leaves from the interior of a lilac bush or the crowr 
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of a linden or hard maple tree are so much thinner than those exposed 
to full sunshine that they may readily be distinguished by the feel alone. 
Shade results in thin leaves often with a single layer of palisade cells and 
loosely arranged chlorenchyma. A variety of plants grown under 1 to 
20 per cent light developed only one layer of palisade tissue; those under 
70 per cent had two distinct layers. Thickness of the leaf increased with 
increasing light iritensity.®'^^*®^^ The sponge cells, which elongate more or 
less parallel to the surface, are due to the action of diffuse light or shade 
upon the chloroplasts. The development of sponge tissue increases 
the light-absorbing surface. It is found in nearly all leaves where the 



Fig. 190.—Prickly lettuce {Lactuca scariola) grown under full greenhouse light (left), 
25 per cent of this (center), and 10 per cent (right). 


light is diffuse; leaves of shrubs and herbs that grow regularly in tlie deep 
shade of forest consist largely or entirely of sponge tissue. Cecils that 
normally form palisade in the sun develop into sponge cells in the shade. 
Conversely, sponge cells under strong illumination develop into palisade. 

The amount of palisade developed in the upper portion of leaves 
receiving sunlight from above varies not only with the intensity of the 
illumination but also with available water content of soil. Palisade is 
much better developed in dry than in we^t soil even under equal illumina¬ 
tion. Moreover, where absorption is difficult because of poor root devel¬ 
opment due to low soil temperatures, palisade development is promoted. 
This is well illustrated by many alpine plants. Owing to low atmospheric 
pressure occurring at high altitudes coupled with intense illumination 
in the habitat, water loss tends to be excessive compared with absorption. 
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Similarly, in plants growing under conditions of defident aeration, excess 
of acids or alkalies, palisade development is promoted.®®^ It reaches its 
maximum development in very dry, exposed situations such as deserts. 
Here, because of dry soil, absorption is relatively difficult, while high vapor 
pressure deficit and high illumination promote excessive water loss. 

Where the under surface of the leaf is also highly illuminated, for 
example by the reflection of light from white sand, palisade also develops 




Fio. 191.—Cross sections of leaves of plants shown in FiR. 190 grown in 100 per cent 
(upper) and 10 per cent greenhouse light. 


in the lower part. Some plants have their leaves “edge on” to the 
noonday sun. In these so-called compass plants, such as prickly lettuce 
(Lactuca scariola), and rosinweed (Silphium laciniatum), two sides of 
the leaf are equally illuminated and palisade develops more or less equally 
on both (Figs. 190 and 191). Conversely, in plants like the mullein 
(Verhascum) where the chlorenchjrma is screened from intense light by a 
dense growth of hairs, palisade tissue is poorly developed. In deep shade 
there is little or no difference in the intensity of the light received by the 
two surfaces, at least it is too weak to develop palisade, and shade leaves 
are often composed of a uniform ch]orench 3 rma of sponge throughout. 
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The amount of palisade development in the same plant may vary 
greatly. The leaves of a tree that are fully exposed to the sun are very 



Fig. 192.—^Leaves from (1) the south periphery and (2) center of the crown of an isolated 
sugar maple {Acer aaccharum). {After Hanson.) 


different from those of the shaded interior of the crown'**’® (Figs. 192 and 


193). Great differences exist in the 



Fig. 193.—^Leaves from (1) the south 
periphery of an isolated basswood {THia 
americana)t and (2) from the base of a tree 
of the same species growing in a forest. {After 
Hanaon.) 


internal exposed surfaces of foliage 
leaves not only in different species 
but also in sun and shade leaves ot 
the same species. The ratio of the 
internal to the external exposed 
surface is low for shade leaves, the 
former often being 7 to 10 times as 
great; it is intermediate for leaves 
of mesomorphic type, 12 to 20 times 
as large; and high for xeromorphic 
sun leaves, ranging between 17 to 31 
times the external surface. The 
palisade type of mesophyll exposes 
1.6 to 3.5 times as much surface, per 
unit volume, as the sponge type.®*^ 
In many plants, the transpiration 
rate from equal external surfaces of 
the sun leaf and shade leaf is in 
the ratio of about 10:1. Palisade 


tissue may be correlated with development of chloroplasts as is indicated 
by the absence of palisading in albescent leaves. In many plants, it is 
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discontinued sharply with failure of chlorophyll development. Finally, 
there are many instances, especially among monocotyledons, where 
palisade is never developed, and in some dicotyledons it seems to form 
without regard to external factors. 

Changes in Form of Leaves. —The form of the leaf is largely deter¬ 
mined by the action of light upon the chloroplasts and the consequent 
change in the form of the cells that contain them. Owing to the direction 
in which they elongate, sponge cells tend to produce an extension of the 
leaf at right angles to the incident light, while palisade cells extend the 
leaf in line with it. Hence, leaves that contain an excess of sponge tissue 
are relatively broader, while those in which the palisade is preponderant 
are relatively thicker. Leaves of the j)each averaged about 65 per cent 
greater in area and those of the apple 224 per cent greater when grown 
under 15 per cent light intensity than those developed in full sun¬ 
shine.Similar results WT.re obtained with a number of common 
herbaceous plants. In general, sun leaves, which are produced in a 
relatively xeric habitat, are smaller and thicker than shade leaves grown 
in a mesic environment. This holds true not only for sun and shade 
forms of the same species but also for sun and shade plants generally. 
Similar differentiations occur in leaves of the same tree, shrub, or herb 
with a dense (;rown of leaves. Change in thickness may, moreover, be 
brought about by modifying the water content of soil wdthout change 
in the intensity of light.®^* ®*^-*®^ 

The outline of shade leaves is more nearly entire than that of similar 
leaves grown in strong insolation. Although this is not absolute, it may 
usually be shown by (!omparing the sun and shade forms of a species with 
lobed or divided leaves. There appears to be a clear correlation between 
lobing of leaves and rate of w^ater supply and loss from the plant, but 
more experimental work is needed to fully establish this relationship. 

The sterns of plants grown in moderate shade are regularly taller and 
often more branched than corresponding sun forms as a result of the 
forces that promote elongation (Fig. 194). It is clear that upon a stem 
with elongated internodes the leaves interfere less with the illumination 
of those below them. This is also true of the branches, which serve 
further to carry the leaves away from the stem and from each other in 
such a way that the plant obtains the greatest possible exposure of its 
leaf surface. Thus, the very efficient photosynthetic organ required for 
low light intensities is provided by the large, thin leaves of shade plants. 
They are rich in chlorophyll and widely spaced on the stem. 

Relation to Stomatal Movement. —^Light is the most important 
environmental factor modif 3 dng stomatal movement. In nearly all 
plants, stomatal opening is correlated with the presence of light when 
other conditions for opening are favorable (Fig. 195). When they 
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become unfavorable, however, the influence of light is modified by the 
action of other factors and finally nullified. When the water supply 
becomes low, stomata may close even in the light. In a few plants, light 
seems to have little or no part in producing stomatal opening.®*^-^“ 

The amount of water in the leaves and the acidity of the guard cells 
are the two internal conditions directly concerned with stomatal move- 



Fio. 195.—Stomata from the upper (outer cirelc) and lower epidermis of hea^dly 
irri(i;ated alfalfa, and environmental faetors during a 24-huur day. The figure consists of 
48 separate microphotographs. {After Loftfield,) 


ment.^*® Under normal conditions, the sap of the guard cells is more acid 
when the stomata are closed. The cause of the increased acidity is not 
certainly known. It may be due to the accumulation of organic acids in 
darkness which are oxidized to carbon dioxide and water in the presence 
of light or it may be caused by the accumulation of carbon dioxide 
resulting from respiration. This accumulation does not occur in light, 
since the carbon dioxide is used in photosynthesis, and hence, light 
decreases the acidity of the guard cells.’®® This makes conditions more 
favorable for greater hydration of the hydrophilous colloids of these cells 
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as well as for the hydrolytic action of diastase. The mcrea^ intake 
water by the guard cells results in greater turpdity ajid tends toward 
Sfomt&I opening.^^'^^ At the same time that the stych is changed to 

p^. incremA nmy, »ppe.Mee of ot^ck .od 

dotrroAis^ in tiirg^c^r^ af'ciiri^ wlwn the stoin&tA close. Ihe St&rCn CODtOnt 
of the guard cells may never wholly disappear, but usually it is lowest 
about 10 a.m. It rapidly increases during closure (Fig. 196). The rapid 
initial response of increased turgidity when light acts upon the guard 
cells is probably to be ascribed to colloidal hydration, while hydrolysis 
of carbohydrates seems to be a slower but probably more powerful 

reenforcement.^®-^ 

Other Effects of Light. —The excess 
energy received from both the visible 
and infrared radiation is largely elimi¬ 
nated by the evaporation of water. 
Intensity of radiation is of great 
importance in controlling the rate of 

Fig. 196.—Stomata from lower epi- transpiration and hence, indirectly, the 
dermis of a cocklebur {Xanthium com- . r . i .• t. tia 
munp). Note the abeeoee of etareh in of Water absorption. Intense light 

the chloroplasts in the open (day) condi- is nearly always associated with dry 

fn*™pi™tioa. A 
linear relation between water loss and 
light intensity has been determined under a rather wide range of con¬ 
ditions in Helianthus.^'^^ Daily records of radiation over a period of two 
growing seasons in Colorado were correlated with daily rates of tran¬ 
spiration. The mean correlation coefficient of transpiration with radia¬ 
tion of a wide variety of leguminous crops was 0.48, and for a similar lot 
of cereals 0.65. Among certain varieties of maize the ratios were as high 
as 0.80. At night, water loss by transpiration amounted to only 3 to 5 
per cent of that lost during the daylight hours.®® 

Phototropic response is believed to be due to growth accelerating 
substances (hormones), light having an influence on both the formation 
and the transport of these growth regulators. Light has a profound 
influence on hardening of plants against cold.^*’ ®^® It favors the germina¬ 
tion of a large number of seeds and fruits, but it inhibits or interferes with 
others. It modifies the permeability of protoplasm, the absorption and 
use of solutes,^** and affects the physiological processes of growth and 
differentiation in various ways.“*'*^^ 

EXPOSURE OF LEAVES TO LIGHT 

Through long periods of evolution plants have become so molded in 
form and in structure as to bring the photos3mthetiG organs into advan- 
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tageoiis relation with the controlling factor, light. The lattw occww 
rather equally distributed in all directions; hence, the aerial plant parts 
are usually radially symmetrical. Since light is of such a nature that it 
cannot be transmitted far into the plant, the latter has become adapted 
by profuse and .slender branching and ultimately by flattening and 
expanding the termini into the structures called leaves. In proportion 
to the amount of stnictural material involved, coniferous trees with a 
broad base and progressively shorter branches upward, diverging from 



Fig. 197.—Blue spruce {Picea pungem); note the arrangement of the branches in layers. 


the excurrent trunk, approach the ideal for maximum illumination. Leaf 
arrangement resulting from such branching has been likened to a series 
of meadows, one superimposed upon the other without the interference of 
shading (Fig. 197). Upon the periphery of this framework the photo¬ 
synthetic organs are displayed (Fig. 198). The almost hemispheric 
crown of the deliquescent trunk of an isolated elm or maple is similarly 
advantageous as regards leaf exposure to light. 

Many species have developed special methods of securing the display 
of their foliage in the light without the expenditure of sufficient materials 
to hold’them erect.Among such climbers are those which ascend 
merely by leaning against other plants {je.g.y a nightshade, Solanum dulr 
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camara); those which climb by hooks and thorns (e.g., the bedstraw, 
Galium^ and various brambles); root and tendril climbers such as Virginia 
creeper and English ivy; as well as the more specialized group of twining 
plants. Since climbers are most abundant in forests, and especially in 
dense tropical ones, but few in open grassland or desert, it seems that this 
habit must have resulted from the struggle for light. 

The exposure to light has been obtained with little expenditure of 
materials for stems. A grapevine, for example, with a diameter of 



Flo. 198. Fig. 199. 

Fig. 198.—Branch of blue spruce showing typical loss of leaves near center of crown due 
to decreased light. This occurs although water content of soil is optimum. 

Fio. 199.—Virginia creeper or woodbine {Parthenociaaus quinq-uefoHa) about 7 feet 
long. The total transpiring surface of 2‘^ square feet was supplied with water through six 
small stems, averaging only 3.5 millimeters in diameter. 


stem of only a few^ centimeters may have a foliage area quite as great as 
that of the tree which upholds it, although the latter has a trunk several 
inches thick. The stnicture of the stem is so modified as to be given over 
largely to conduction, as may be easily demonstrated (Fig. 199). 

To Compare the Rate of Water Conduction in Climbing and Nonclimbing Plants. 

Select steins of some woody vine such as grape (Vitis) or Virginia creeper (Parthenocis- 
sus) 6 to 10 millimeters thick, and cut a section 8 to 10 centimeters long. Select and 
cut branches of maple or oak or other tree of the same diameter and length, avoiding 
the nodes if possible. The sections should be cut under water or immediately placed 
in water. Procure rubber tubing that will fit closely over the stems. Fill a long 
piece of the tubing with water, siphoning it from a ‘2-liter container placed 10 feet 
above the w'orktable. While the tubing is filled with water, fasten it securely over 
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one end of the stem and collect in a graduate the water that is conducted by the stem. 
Connect the second stem to another tube in a similar manner and determine the 
relative conducting power of the tree and climber for a period of 10 to 30 minutes 
Examine the stems closely and suggest an explanation of the differences noted. 

Foliage display in grasses and many other monocotyledons 
sedges, rushes, iris, cattails) is of a distinctly different but scarcely less 
efficient type. Here the leaves develop in such positions that they cast 
relatively little shade, and light is permitted to penetrate nearly or quite 
to their bases. At some time of the day, exciept in extremely dense 
growths, all of the leaves receive direct sunlight, and the total surface 
v^an be utilized in the manufacture of food. The advantage afforded by 
such an arrangement, together with the rhizome habit and basal growth, 
goes far toward accounting for the dominance of grasses and grasslike 
plants in the treeless portions of the world. 

Many intermediate forms abound. The foliage of many plants is 
arranged in a mosaic, i.e., the leaves are fitted together like the stones in a 
mosaic and in such a manner that each leaf is exposed to the most possible 
light. Plants such as dandelion, mullein, plantain, and evening primrose 
form rosettes near the soil. In those, each leaf is arranged so that it fills 
a space in the circle, and overlapping is reduced to a minimum. Where 
one leaf does overlap another, photosynthetic activity in the shaded 
portion of the latter is greatly reduced, in the case of the dandelion often 
50 per cent. The positions of leaves in response to light are very diverse, 
as may be seen almost anywhere. Epiphytes have solved the light 
problem by i3erching high upon other plants.Sometimes, they 
are so abundant as to cause considerable injury by shading the plant 
affording the support. In the same way, epiphylls, such as various 
species of lichens, charac^teristic of the moist tropics, are very injurious to 
the leaves on which they occur. In coniferous forests, the needles of the 
trees are sometimes shaded and even killed by the pendant growths of 
various lichens such as IJsnea and Alectoria. 

RECEPTION AND ABSORPTION OF LIGHT 

Plants possess no special structures for the reception of light. The 
radiant energy impinges upon all of the aerial parts, the characteristic 
form of the leaf being chiefly to increase the surface for absorption of 
both light and carbon dioxide. The general effect of the epidermis is to 
reduce the amount of light that enters the leaf, owing partly to reflection 
and partly to absorption. The amount of light reflected depends upon 
the quality or wave length and angle of incidence of the light and the 
texture and pigmentation of the leaf. 

Dark green leaves like those of the lilac reflect less light than paler 
green ones such as the white poplar. A green leaf of geranium reflected 
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16 per cent of diffuse daylight but a white one 38 per cent. Reflection 
from the white, hairy under surface of the leaves of white poplar is some¬ 
times 50 per cent of the incident light.In general, smoothness or 
hairiness of the cuticle does not necessarily result in high reflection. A 
thick cuticle or one coated with wax or a dense coating of hairs absorbs 
much light and that reaching the green tissue is diffuse. In deserts and 
alpine regions where such structures are pronounced, only 15 to 25 per 
cent may be transmitted to the chlorenchyma.’®^ 

The light that enters the leaf must pass through the colorless epidermis 
and is then absorbed by the chlorenchyma. In submerged hydrophytes, 
epidermal chlorophyll usually occurs in abundance, but among terrestrial 
plants, chloroplasts in the epidermis are rare even in those species growing 
in dense shade, with the exception of ferns. Some light passes entirely 
through the leaf, but ordinarily this is slight. Thick or fleshy leaves 
absorb practically all the light that enters them. Thin leavT.s placed in 
sunshine transmit considerable light, but plants with such leaves arc 
usually confined to shady habitats, where the light is very diffuse and 
the absorption relatively complete. From 0 to 10 per cent transmission 
has been determined for various leaves. Brown and Escornbe in their 
classical investigations found that the various leaves with which they 
experimented absorbed 65 to 77 per cent of tlie incident radiant energy. 
This is in close agreement with more recent researches.*’^ 

To Determine the Relative Amount of Light Absorbed by Various Leaves.— 

Select representative sun and shade leaves of a tree or shrub and of herbs grown in 
full light and dense shade. Variegated leaves of geranium, ribbon grass {Phalaris)^ 
or Abutilony and others with prominent veiiiing sindi as kidney bean (Phaseolus 
vulgaris), etc., sliould also be \ised. Place one leaf of each on tlie glass of an 8- by 
10-inch printing frame, cover with a sheet of printing-out paper such as “solio," 
and fasten the back of the frame in place. Expose to the sunlight for 10 to 30 minutes 
until the paper about the leaves is thoroughly blackened and the network of veins 
shows very plainly. Remove the leaves and compare the relative darkening of the 
paper (i.e., penetration of rays chemically active on the sensitized paper) under the 
different leaves. Hold the leaf to the light and ex{;lain why the veins are printed so 
clearly. Make a list of the leaves in order of their absorption of light rays. The 
leaf prints may be kept permanently by fixingthem for 5 minutes in a bath con¬ 
taining 150 grams of sodium hyposulphite dissolved in 500 cubic centimeters of water. 
The prints should be washed in water before drying. 

NATURE OF THE LIGHT FACTOR 

Differences in latitude, altitude, and climate cause variations in light 
which modify the rate of photosynthesis and growth in plants. Differ¬ 
ences in light during the growing season in tropical and temperate 
climates are not great enough, however, to modify the rate at which 
photosynthesis proceeds.*®* Plants of arctic regions have been shown to 
make carbohydrates continuously during the 24-hour day, and produce an 
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amount almost as great as would be formed during the shorter day in a 
temperate climate. Many species of evergreens are known to make 
photosynthate in winter in sufficiently large amounts to balance that 
oxidized in respiration. This may occur at temperatures nearfreezing.*^^ 

The effect of light is exerted upon plants by change in its quality, 
direction, intensity, or duration. In nature, the quality of light on (dear 
days is apparently very little if any different in various habitats. Exci^j)- 
tions occur in specie.s of plants which grow in the forest. Change in the 
quality of the light is due to differential absorption and reflection by 
leaves. Under canopies of needle-leaved trees, the change is slight but 
beneath broad-leaved canopies a higher percentage of green light occurs.^®* 
This phenomenon has been verified by many investigators.Even 
though the light in fon^sts is changed somewhat in quality, it still contains 
a sufficient percentage of the various wave lengths to produce approxi¬ 
mately normal plant growth, i.c., differences encountered in the forest are 
too small to be of much practical importance. Modifi(jation of the 
quality of light has only a secondary influence upon the growth of the 
plants of the forest floor and is far less important than tlie decrease in 
intensity. Light reaches the barest floor by filtcTiug through or between 
the crowns of trees or l>y reflection from the leaves and twigs. The 
amount of light passing unabsorbed through Ieave.s is small, 0.03 to 0.6 
per cent for sun leav(^8 and 0,3 to 2 per cent for shade leaves. A simple 
experiment shows that the thicknes.s of one leaf is often enough to screcm 
the light so completely that photosynthesis in the leaf just below is 
entirely inhibited. 

The quality of the light is modified by clouds, fogs, etc. Water vapor 
in the air absorbs a great deal of the long wave lengths, particularly 
infrared. During the winter, a higher percentage of red light and a 
lower one of blue light reach the earth than in summer. In general, the 
red end of the spectrum permits excessive tissue and cell elongation; 
the blue-violet light exerts a retarding effect upon growth by keeping the 
cells smaller. It seems possible that the difference of vegetative growth 
at low and high altitudes and in clear and foggy climates is partly due to 
differences in the quality of the light. 

Infrared radiation is of no value to plants except m it increases tem¬ 
perature. It is not known to be injurious to them, although it may 
sometimes cause sunscald in fruits or other massive organs not cooled 
by rapid transpiration. 

Ultraviolet radiation of shorter wave lengths than those found in 
sunlight has a pronounced injurious effect upon plants.’®^*^*® The 
development of red pigmentation in apples is brought about by the blue- 
violet and ultraviolet of sunlight. This results from its influence upon 
the living cells. 2 ® The presence of fiavone and anthocyanin in alpine 



396 


PLANT ECOLOGY 


plants has been ascribed to the action of intense light, particularly the 
shorter wave lengths. Full sunlight, although it varies in quality, is far 
more satisfactory for the growth of plants than any part thereof, or than 
any artificial source that has been discovered. 

The direction of the light is of little importance except where the 
illumination is strongly one-sided. The radially symmetrical develop¬ 
ment of a tree or other isolated plant shows clearly that strong diffuse 
(north) light is sufficient for normal development. Only plants on the 
edges of forests, thickets, etc., are often bent toward the source of light. 
Within the mass of vegetation such movements are lacking except in a 
few plants such as the mallow (Malva rotundifolia) ^ cotton (6os8ypium)j 
and sunflower (HelianChus). These species have leaves that are so 
sensitive to light that the leaf blades are turned at right angles to the 
sun*s rays in the morning, and by a gradual sliift in position they follow 
the sun through its course, facing westward in the evening. By an 
orientation of the flower stalk, the sunflower head often behaves similarly. 

The change in light intermiy necessary to produce a response varie^s 
for different species, and it is also influenced by the intensity in which 
the species normally growls. The normal extremes are full sunshine, 
represented by 1, and a diffusene.ss of 0.002, ix., light only one five- 
hundredth that of sunlight. Photosynthesis is so completely dependent 
upon light that it is affected by very slight differences of intensity. 
On the contrary, such responses as the movement of chloroplasts and 
changes in leaf structure are produced only by much great^^r differences. 

The duration of lights z.c., length of day, exerts such profound effects 
upon the rate of d(n^eloi)ment, flow^ering, and fruiting and upon the 
distribution of plants that it wall be separately considered (p. 410). 

MEASUREMENT OF LIGHT INTENSITY 

The measurement of light intensity is not a simple j^rocess and it 
becomes increasingly difficult wliere it must be made in the field and 
often in a small space among plants. No photometer that is entirely 
satisfactory has yet been devised.Ideally, both quality and intensity 
of the light should be determined for different hours of the day and for 
different days of the growing season in various habitats. Illuminometers 
are best suited for measuring visible radiation. Weston Sun- 
lightmeter has been found useful in both field and greenhouse. It con¬ 
sists of a special photoelectric cell with a sensitive ammeter calibrated 
directly in foot-candles (Fig. 200). The range covered by this instru¬ 
ment is approximately the visible spectrum, which is the most impor¬ 
tant, ecologically and physiologically. It is only necessary to turn the 
searching unit to the light, and then read the light values in foot-candles 
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on the instrument scale. The readings may be made instantly and 
directly; the apparatus is rugged and compact and hence suitable for 
field use. The practicability of almost simultaneous measurements of 
light both inside and outside of a woodland, a cover of grassland, etc., is of 
great importance, owing to the necessarily variable character of natural 
illumination. Moreover, a large number of readings can be obtained in a 
comparatively short time and average 
values thus determined. It is most con¬ 
venient to express the habitat illuminations 
as percentages of the light in the open. 

A very useful instrument for measuring 
approximate differences in intensity in dif¬ 
ferent habitats is the simple photometer. 

It has been very extensively employed. In 
principle, it is based upon the fact that the 
darkening of sensitized photographic paper 
is proportional to the product of the light Suniigl.tn.oter. 

intensity and the time of exposure. By this method, only the rays 
chemically active on the sensitized paper (i.e., the blue end of the 
spectrum) are measured, and it is assumed that the intensities of the 
others vary in proportion. 



The instrument consists of a tight metal box containing a central disk upon which 
a strip of photographic paper is fastened in a groove (Fig. 201). The disk is revolved 
pa.st- an opening 6 millimet-ers sfpiarc, which is closed by means of a spring that oiM*rate.s 

a slide working between two flang(\s. It. is 
graduaUni into 25 parts that are nuinlx^red. 
A line just beneath the opening coim*id(‘.s 
with the successive lines on the disk and 
indicates the number of the exposure. Tlie 
proper movement of the wheel for each 
successive exposure is iiidicaUxl by a click. 
The metal case is ma<le of two parts which fit 
together in such a manner that the bottoin 
can readily be removed and the paptT placed 
in position. The paficr usiid is a slow print- 
ing-out paper such as solio. Strips 6 milli¬ 
meters wide are cut lengthwise^ on a 
straightedge from 8- by 10-inch sheets with the emulsion side up. The paper is 
placed in the groove on the disk with the ends inserted downward through the small 
oi>ening. It is best to crease the ends of the paper so that it will fit tightly before 
inserting the cork plug, w'hich holds it in position. Great care should be exercised not 
to touch the emulsion sid(j of the paper which is turned outward on the disk. When 
the paper is securely fastened in position, the cover is inserted and held in placxj by 
the thumbscrew on the side. The cover should be revolved until the 6-inillimeter 
opening in it is just opposite the numbt?r 1 on the disk. A recent model of the stop¬ 
watch photometer is of vest-pocket size and all the operations are automatically made 
by pressing a plunger. 



Fxo. 201.—Simple photometers. The one 
on the right has a stop watch attached. 
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Making a Standard. —The photometer is held in one hand with the slit directed 
toward the noonday sun. A watch with a large second hand is held with it, thus 
leaving the other hand free to operate the shutter. An exposure is made by quickly 
withdrawing the slide in such a way as to uncover the entire opening, at the same time 
keeping the eyes fixed on the watch. The closure is made automatically simply by 
releasing the shutter. After a little practice, it is easy to expose the paper for the 
exact time desired. After each exposure the dial should be immediately turned to 
the next number. 

The standard is obtained by making successive exposures 1, 2, 3, etc., to 8 seconds 
in length in full sunshine at noon on a clear day. Great care should be exercised to 
make the time of exposure exact. It is desirable to make a second series to serve as a 
check upon the first. The standard is then removed in a dark room and placed in a 
light-tight box, such as is used for photographic films or plates. It should be used 
only in weak, electric light. When kept in a cool place and handli^d carefully, the 
standard and solio strips may be kept several weeks without appreciable change. 
It is best, however, to make a new standard from time to time during the growing 
season to serve as a check upon the original. 

Making Readings. —The best practice in making readings is to secure a decided 
tint that falls between the extremes of the standard. It is practically impossible to 
obtain a sunshine equivalent for very faint tints and equally difficult to match the 
very deep ones obtained by long exposure. Consequently, the most satisfactory 
method is to expose until a good tint is secured but one that is not deeper than the 
5-second tint of the standard. In deep shade, this often requires several minutes, 
and in such places it is usually more satisfactory to stop the exposure with the lighter 
tint, approximating the 1- or 2-second exposure of the standard. The s1<op-watch 
photometer, which differs in having a stop watch which automati(ailly indicates the 
time of the exposure, is somewhat more convenient and increases the accuracy of the 
reading. In taking readings, the date, time of day, plac;e of reading, number of 
instrument and of exposure, and the time of the exposure in seconds must be 
carefully recorded. As a nile, readings are made only on clear days, except where the 
light values of cloudy days are desired for special purposes. After a strip has been 
completely exposed, it is removed in the dark, and a new one is put in place. In 
removing the strip, the number of each exposure should be marked on the reverse 
side of the paper. 

Comparison with the Standard. —The light intensity denoted by each exposure is 
ascertained by comparing it with the stiindard. It is best to cut off the part of the 
strip on which the first reading w^as made and hold it with tweezers wliile comparing 
. with the standard until the tint that matches is secured. With a little practice, this 
may be readily done. Skill and certainty in making the tints match are obtained by 
comparing the exposed strip with the standard a second time. If this is done without 
reference to the first results, the two comparisons serve as a valuable check upon each 
other. I^ceeding in this manner, all of the readings are matched with the standard. 
Interpolations between colors may be made, if desirable, when the proper match is 
secured for a particular exposure. The comparative light intensity is found by 
dividing the duration of exposure in seconds by the duration for the standard tint. 
Thus, if an exposure in shade for 100 seconds matches a 2-second standard, the light is 
fifty times more diffuse or weaker than the sunlight. The latter is taken as unity, 
and the light intensity in the shade is 2 100 «= 0.02, i.e., 2 per cent. 

Measuring Light Intensity. —Make a series of light readings in the several habitats 
where other factors are being measured. It is best to make three readings, using 
different lengths of time of exposure in each place, and average the results. In forest, 
scrub, etc., where the light is not uniform, move the photometer slowly back and forth 
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during the exposure, keeping the opening directed toward the sun, in order to secure 
an average of the light intensities. Are the light values the same at different levels in 
grassland, s<!nib, and forest? Give reasons for your conclusions. Compare that of 
the interior of the crown of a tree with the light received by the leaves on the north 
and south periphery. Also determine light intensities in the greenhouse and on 
cloudy days. The photometer may likewise be used to determine the amount of 
light that penetrates thnnigh various leaves by holding the leaf (jlosely over the slot 
during the exposure. Similar measurements should be made with the Sunlightmeter. 

CAUSES OF VARIATION IN LIGHT INTENSITY 

Among the most important factors causing variations in the light are 
the humidity of the atmosphere and the amount of cloudy weather. 
Even very fleecy clouds in front of the sun result in appreciable reduction 
of light, but the light may be increased by reflection from white clouds. 
It is greatly reduced by heavy clouds and fogs. The total radiation 
received on a cloudy day may be as low as 4 per cent of that during the 
same season and station during a day of full sunshine.*^^ In certain 
oceanic climates, heavy fogs are so prevalent and the light is reduced so 
regularly that it may become a limiting factor to photosynthesis and 
growth. In northern latitudes, such as Alaska, where rainfall is abundant 
but the temperature too low for the best devclopHunit of vegetation, the 
amount of sunshine becomes an exceedingly important climatic factor. 
Arid regions have higher hourly light values and higher yearly totals 
than humid regions in the same latitude. 

Both intensity and quality of light are markedly reduced by a layer 
of water, and submerged plants grow under an illumination quite different 
from that of terrestrial ones. The fact that bodies of water are blue or 
greenish blue indicates that the long waves of light are absorbed to a 
much greater extent, and that the short wave lengths only are reflected, 
or transmitted to any considerable depth. When the surface of the 
water is smooth, 20 to 25 per cent of the light may be reflected, and in 
rough water this may be increased to 50 or even 70 per cent. The 
optimum depth for photosynthesis of certain submerged aquatics in the 
clear lakes of northern Wisconsin has been shown to be about 5 meters 
on clear days and the maximum depth about 15 meters.^®® In the ocean, 
even light of short wave lengths may be reduced under the most favorable 
conditions to approximately 10 per cent at a depth of 10 meters.®*" The 
red pigment, phycoerythrin, of the red algae (Rhodophyceae) is comple¬ 
mentary to the blue light rays and because of this the plants of the deep 
water are able to absorb the latter much more advantageously.®** Many 
recent studies have been made on light intensity and the distribution 
and growth of plants of inland waters.*®^ 

The light of the forest floor may be reduced to 1 to 10 per cent, but 
due to the movement of the foliage and the variation of the position of 
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the sun, it is constantly changing. The light intensity may rapidly 
change from 2 to 5 per cent to 40 or more in a sunfleck. Above an 
understory of young trees and shrubs growing in a forest with a closed 
canopy, the light is often about 20 per cent, but below the understory 
only about 1 to 5.*“ 

The intensity of the light varies throughout the day and the year. 
Except where plants are considerably shaded, it is only for a short time 
near sunrise and sunset that light is a limiting factor to photosynthesis 
when the sky is clear. The daily maximum occurs at noon “sun time,” 
a point which itself moves back and forth through the year. The greatest 
light intensity occurs when the sun is at its highest altitude, i.e., when the 
angle that it makes with the surface of the earth is greatest, and lowest 
when this angle is least. The effect of angle upon light intensity is due 
to the absorption of the light waves by the atmosphere. This absorption 
is greatest near the horizon, w'here the pathway of the waves is longest, 
and it is least at the zenith. 

Altitude affects the amount of light by decreasing the distance that 
the waves must travel through the atmosphere, thus decreasing absorp¬ 
tion. The highest values of solar radiation ever measured at the surface 
of the earth (on high mountains) are about 1.75 gram calories per square 
centimeter per minute or approximately 12,000 foot-candles.'*®^ It is 
estimated that 20 per cent of a light ray is absorbed by the earth\s 
atmosphere before it reaches sea level. At the top of Pike’s Peak 
(altitude 14,100 feet), the absorption is 11 per cent. In the one instance, 
the light is 80 per cent of that which enters the atmosphere; in the other, 
89 per cent. The difference in intensity is altogether too small to have 
any important effect on photosynthesis. 

The amount of light received by a south-facing slope is greater than 
that received by a level area, and that striking a north-facing slope is 
least. Except that the duration of light on the south slope is longest, 
the difference is of little significance. Leaf position as regards incident 
light is the same in all cases. The vegetation on north-facing slopes of 
steep mountains and valleys in north temperate regions may receive 
little or no direct sunlight. The sharp difference in the type of vegeta¬ 
tion as compared with fully insolated slopes is due to differences in 
temperature and water relations of soil and air. There is abundant light 
for photosynthesis, although it is diffuse light in the former community. 

INFLUENCE OF DECREASED LIGHT INTENSITY 

All green plants require light, although bacteria and fungi may 
flourish even in dark caverns and in the depths of the ocean. In fact, 
many species of saprophytic plants are killed by exposure to light, a fact 
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clearly recognized in sanitation. Many saijrophytic and parasitic fungi 
that can grow vegetatively in the dark require light for reproduction. 

The total absence of light results in greatly attenuated, weak stems 
with tissues weakly diflferentiated and little mechanical tissue. There 
are few or no branches and the leaves fail to expand, often being reduced 
to mere scales that usually lack palisade tissue. The root system is 
poorly developed. The plant is pale yellowish or whitish in color, due to 
lack of chlorophyll and is said to be etiolated. This characteristic 
elongation of stems in darkness appears to be the result chiefly of a con¬ 
siderable increase in the length of the component cclls.^^ Etiolated 
Dlants illuminated only 2 to 10 minutes daily showed profound changes 
in their form and structure.^®** 

In the weak light of deep shade the internodes are less elongated, the 
thin leaves unfold and develop chlorophyll, the weak stems are succulent, 
and roots are poorly developed. Under light intensities of about 20 to 
50 per cent of full sunshine, maximum vegetative expansion is usually 
attained. The leaves reach their greatest area and the plant its maxi¬ 
mum height. Th(^ root system is of moderates size. 

Extensive e;xperimental w^ork has been done with sunflowers where 
both the amount of available water and the degree of insolation were 
controlled. The results indicate that water assumes the major role in 
stem elongation, and light tlie larger part in the production of dry matter, 
the two necessarily being integrated in the adaptation characteristic of 
shady habitats. Intensities higher than 50 per cent sometimes cause 
a decrease in growth, especially in plants whicli normally grow^ in shade. 
It has been found in Germany that several weeds made their best grow^th 
in about two-thirds full light while the cultivated crops produced a 
maximum dry weight under full light, showing a marked decrease when 
shaded. In full sunshine there is usually a considerable decrease in 
length of intemodcs, height of plant, and area of leaves. For best 
development most plants require full sunshine, providing other factors 
are not limiting. Rate of growth usually increases with increased light 
intensity up to 50 or even 100 per cent. This seems to be true even of 
forest plants.**^ 

Effect of Light Intensity on Form and Structure of Plants. —Construct in the 
greenhouse a series of two or three shade tents 1 meter square and high. The frame¬ 
work of wooden strips, hy 1 inch, may be nailed to a table or greenhouse bench and 
the cloth fastened to it by means of thumbtacks. Light intensities of approximately 
10, 5, and 1 per cent may be obtained by using coverings of white cheesecloth, muslin, 
and double thickness of black cambric, respectively. The tent should be so con¬ 
structed that the low^er half of one side may be easily opened. Ordinarily, the humid¬ 
ity may be controlled by the amount of watering, but if it becomes too high, a hood 
for ventilation should be arranged at the top or sides. 
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Practically all flowering plants will show some adaptation to the different light 
intensities, although some are much more plastic than others. Start seedlings of 
various species in ordinary greenhouse light, e.g.^ sunflower, four-o'clock (Allionia)^ 
dandelion, shepherd’s-purse (Bursa), bedstraw (GaZiuw), evening primrose (Oenothera), 
etc. Then place two of each species in each tent and keep two for controls. Watei 
as necessary; the weaker plants in deep shade will require but little. 

During the growth of the plants, make occasional readings of the light intensity 
and humidity in the several tents and that of the greenhouse outside. Also, make 
one determination of the starch content of a representative leaf of each species for 
each habitat. Follow from week to week the effec.t of shade upon leaf size and outline 
and form of the rosette in dandelion; note the stretching of the petioles and intemodes 
in Bursa and Oenothera, and observe other differences in growth and behavior. When 
the plants are well grown, make an outline drawing or photograph of one series of 
four plants, all to the same scale. Select a representative leaf from each form, and 
make a leaf print for the four forms of each species. Cut cross sections of the leaves 
of one series and make out the differences in total thickness, development of palisade, 
sponge, thickness of cuticle, etc. Prepare a concise account of the adaptation of one 
of the species concerned to different light intensities, explaining, in so far as pos.sible, 
the changes observed. 

Partial shade increases succulence and delicacy of stnicturc. Many 
vegetables such as asparagus, cauliflower, celery, and lettuce do best 
under such conditions. Half-shade is employed in forcing rhubarb, and 
in pineapple culture, especially in Florida. Tea is grown in the shade of 
taller trees often planted in alternate rows, since under these conditions 
the leaves attain their best quality and yield. Coffee is likewise produced 
most profitably in subtropical regions when partially shaded by forest 
trees. Ginseng, which normally grows in woodland shade, is protected 
from full sunshine when grown commercially by frames made of slats. 
Partial shade produces large, broad, thin leaves with poorly developed 
veins and relatively large air spaces and an abundan(;e of sponge paren¬ 
chyma, as is shown by the growth of tobacco for cigar wrappers under 
conditions of half-shade.“''’*'®“^ It must be constantly kept in mind, how¬ 
ever, that reducing the light also has a marked effect upon other factors, 
especially soil moisture, humidity, and temperature. In forest nurseries 
and elsewhere, lath shelters are widely used to maintain the proper con¬ 
ditions for seedbeds of many kinds of trees. 

While diffuse light promotes the development of vegetative structures, 
intense light favors the development of flowers, fruits, and seeds. The 
great profusion of flowers in grassland throughout the growing season is 
largely due to the strong light. In deciduous forests, flowers are abun¬ 
dant only before the new leaves of the forest canopy are developed; in 
dense coniferous forests, flowers are never abundant. The greatest 
profusion of brightly colored flowers is found in alpine meadows where the 
light is very intense. Under extremely high light intensities, transpira¬ 
tion becomes excessive. Structural changes occur which protect the 
plant from excessive heating and desiccation. The vegetation is often 
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characterized by plants with low stature and small leaves of considerable 
thickness. Rapid transpiration is promoted by an increase in water¬ 
conducting tissue. 

Many crops grown for their vegetative parts, sucli as jiotatoes, carrots, 
turnips, and garden beets, yield best where there is a high percentage of 
cloudy days. Conversely, the greatest grain-producing areas are in 
regions where there is a high percentage of bright, sunny days. Such are 
the grasslands of the central United States and of eastern Washington. 
Fruit is likewise produced in great quantities where the light intensity 
is but slightly reduced by clouds or atmosi)heric moisture during the 
entire growing season and often under irrigation, especially in California, 
Washington, and Colorado. The yield of cotton fiber and se^ed is greatly 
reduced throughout the cotton belt during unusually cloudy, wet years, 
although the plants make an excessive vegetative growth. 

TOLERANCE 

Tolerance is the ability of a tree or other plant to survive, grow, and 
develop in shade. Formerly it was believed to be entirely a response to 
decreas(‘d light, but it is now known that soil moisture, temperature, and 
other fat^tors may play a large part. Seedlings of hard map)le, beech, 
linden, spruce, and hemlock are all very tolerant of shade. Those of 
light-demanding trees such as willow, cottonwood, jack pine, and lodge- 
pole i)ine are intolerant. Similarly, many shnibs and herbs such as 
sumac, bluestem grasses, and sunflowers are light demanding, while the 
spicebush and bloodroot grow in deep shade. Tolerance in trees is an 
inherent characteristic, which is better developed in some species than 
in others. 

The light relation beneath a forest composed of intolerant trees is 
very different from that of one of tolerant species. In general, the crowns 
of intolerant trees are open and the foliage thin, and much light pene¬ 
trates through the canopy and reaches the forest floor. Seedlings of such 
trees, however, have difficulty in becoming established even in this 
moderate shade. Those that succeed grow rapidly in height. The 
dense forest canopy furnished by tolerant species has ji any layers of 
leaves, since leaves grow also on the inside of the crowns. The seedlings 
tolerate the deep shade, growing slowdy i)erhaps for many years until, 
upon the death of older trees, they are finally released from the shade. 
Beech and hemlock, for examine, are able to stand supp)ression and make 
slow growth with no apparent lessening of vigor, and after 100 or more 
years they are still able to make a rapid development if released from 
near-by competitors.^’® 

It is because of the adjustment of certain types of vegetation to 
decreased light intensity that layering occurs. Layers may be seen in 
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various plant communities such as reed swamp, grassland, and scrub, but 
they are most pronounced in forests. 

The number of layers is controlled mainly by the density of the forest 
canopy, although other factors such as water content often play an 
important part. In an open w^oodland, w-here much light filters through 
between the leaves and branches and where there is an adequate supply 
of water, layers of shrubs, tall herbs, low herbs, and a ground layer of 
mosses, lichens, liverworts, and fungi are usually more or less developed. 
But where the crowns of the trees grow closely, as in medial or climax 
stages of deciduous forests, because of decreased light, some of the layers 
and frequently all but the low herb and ground layers disappear. The 
herbs show their most vigorous development during spting and early 
summer before the leafing out of the trees still further reduces the light. 
In such habitats, intolerant plants cannot ecize. The real shade plant is 
one which not only can grow under low light intensities but also exists for a 
long period under conditions unfavorable for photosynthesis. A tree to 
become established in a closed forest must function and grow as a seedling 
and sapling in very subdued light, although later in life it may take its 
place in the forest canopy and receive full sunshine. Hence, only those 
that are tolerant can ecize. 

A kriowledge of tolerance is especially important in foiesl/ manage?- 
ment.^'^ In fact, technical forestry or silviculture is, or at least was, 
largely based on the concept that, the different species of the forest vary 
in their demands for light, i.e.y their tolerance of shade. The outcome 
of mixed plantations depends upon the difference in toleraii(;e between 
spec^ies. Intolerant species will disappear, since they cannot reproduce 
themselves in shade. Tolerance likewise determines the outcome of 
plantations made under the canopies of old trees that do not reproduce 
themselves. The methods of cutting or thinning are similarly deter¬ 
mined, less valuable but tolerant specues, such as haixl maple, often being 
removed to promote the growth of less tolerant but more valuable ones, 
such as white pine. -*^ In the natural development of forests through the 
various successional stages, light is usually a controlling factor. 

Trees may be grouped according to their ability to carry on photo¬ 
synthesis and grow in decreased light intensities, ix.y according to their 
tolerance. The following sequence, however, is not absolute, the most 
tolerant being placed first 


Broadleaf Trees 
Very tolerant: 

Sugar maple (Acer saccharum) 
Beech (Fagus) 

Linden (Tilia) 


Coniferous Trees 
Very tolerant: 

Yew (I'tirus) 

Spruce (Picea) 

Hemlock (Tsuga) 

Firs (Airies) 

Cedars (Thuja) 
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Broadleai Trees 

Tolerant: 

Elms {Ulmus) 

White oak {Quercus alha) 

Red oak (Q. borealis) 

Ash (Fraxinus) 

Black oak (Q. velutina) 
Intolerant: 

Soft maple {Acer saccharinum) 
Bur oak {Q. macrocarpa) 
Birches (Betula) 

Poplars (Populus) 

Willows {Salix) 


Coniferous Trees 

Tolerant: 

White pine {Pinus strobus) 
Douglas fir {Pseudotsuga) 


Intolerant: 

Ponderosa pine {Pinus ponderosa) 

Larch (Larix) 

Lodgepole pine (Pinus conloria murrayana) 


It may be noted, for example in the development of deciduous forest, 
that the species characteristic of climax stages of succession are more 
or less tolerant. Extensive lists of tolerance of trees of both eastern and 
western North Aniericia may be found in texts on silviculture.*®-®*® 

Methods of Determining Tolerance. —There are several methods of 
determining the relative tolerance of forest trees.'®*® Empirical scales 
of tolerance may be prepared by studjdng such characters as density of 
crown, self-pruning, relative height growth, and the growth of the young 
stand under the old. An examination of the interior of the crown of 
intolerant trees, e.g.j soft maple or ponderosa pine, will show that nearly 
all of the leaves occur on a peripheral hollow shell where they are well 
illuminated. The crown is not dense. In the pine, the lower whorl of 
branclicrt, clothed with needles only on their termini, extends outward 
in such a maimer that the branches are only slightly shaded by those just 
above and these, in turn, only moderately so by those still higher. The 
leaves of intolerant trees cannot make food in weak, diffuse light. Con¬ 
versely, the density of the crowns of hard maple and linden, for example, 
is much greater and the interior fairly well clothed with shade leaves. 

In the forest, the lower leaves and branches of intolerant trees die 
and fall to the ground. The more intolerant the species the more rapidly 
self-pruning occurs. In fact, intolerant trees clear themselves of many 
branches even when they grow as isolated individuals. Hence, in the 
forest the tree grows slender and straight, its height being very great in 
relation to its diameter. Tolerant species, such as Thuja^ retain their 
branches, and the stem is thick in proportion to its height. The Indians 
found that certain spindling, close-growing, intolerant trees, upon the 
removal of the bushy tops, made a very desirable framework for their 
tepees, hence the name lodgepole pine (Fig. 202). Finally, a study of the 
growth of young trees under the parent trees throws much light upon 
their ability to endure shade. In mixed forests with a closed canopy, 
saplings of oak and hickory may succumb under light intensities where 
those of elm, beech, and sugar maple will thrive. 
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The most direct way of determining the tolerance of forest trees is to 
measure the light intensity under various forest canopies where the 
seedlings are growing or fail to grow. In doing so the great variation in 
intensity from hour to hour and day to day throughout the season must 
be considered. Even in the dense, tropical rain-forest of Brazil where the 
light averages less than 1 per (*,ent, sunny spots at times received as much 
as 16 times the shade illumination.^’^-^^ The minimum light for sus¬ 
tained growth of ponderosa-pine seedlings is about 25 per cent, for 
Douglas fir 5 per cent, l)ut that for Engelmann spruce is only 2 per cent.^^ 



The minimum light at which photosynthesis occurs in ponderosa pine has 
been found to be 17 per cent, but only 1.9 per cent is required for the very 
tolerant sugar maple. In a virgin stand of Norw^ay pine studied in 
relation to light and to other vegetation, approximately 35 per cent light, 
or a crown density of about two-thirds, seemed to offer satisfactory condi¬ 
tions for the establishment of Norway pine seedlings. An understory of 
shrubs .which reduced the light to less than 5 per cent, quite effectively 
excluded seedlings of coniferous trees.* 2 * 

Seedlings of ponderosa pine were grown in a nursery in Arizona under 
uniformly favorable conditions except for reduction in insolation. All of 
the plants with 10 per cent light died the first winter and those with only 
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20 per cent succumbed within 5 years. Plants in half-shade made 
slightly less height growth and only about half the growth in diameter of 
those in full sunlight.^'^^ Douglas fir and Engelrnann spruce seedlings in 
the nursery attained tlieir best development in half-shade but became too 
spindling when light was reduced to 25 per cent.**®® Other investigators 
have also found the best development of coniferous trees in light intensi¬ 
ties approaching full sunlight. 

A climax deciduous forest is a dark forest. Even when the sun 
shines brightly, a condition resembling twilight prevails at noonday in 
the beech-maple climax. The dominant beech and maple alone may 
reproduce satisfactorily, shrubs are few, and only the most tolerant herbs 
prevail. The relative light intensities during midsummer in a mixed 
forest of black and bur oak and one of linden in Nebraska, where each 
spccitis was reproducing its kind, respectively, were as follows: 


Oak forest 


6 a.m. 

I 

I 5.3 


8 a.m. 
5.5 I 


Linden forest 


1.8 2.0 



In the oak forest, layering w^as pronounced; in the linden community, 
all but the ground layer had disappeared and no tree seedlings except 
those of the very tolerant linden were able to survive.If a tree is to 
maintain itself, it must make in addition to food for respiration a suffi¬ 
cient amount for growth. Food reserves must be accumulated to with¬ 
stand unfavorable seasons and also for reproduction of the species. 

A Study of Tolerance.—From your field observations supplemented by use of the 
various methods of determining tolerance, make a list of the more important forest or 
shade trees of your region. Use one list for deciduous and one for evergreen species 
and subdivide each into very tolerant, tolerant, and intolerant species. 

A study of leaf structure gives much information about the tolerance 
of a species. Loaves that adapt themselves most completely to a variety 
of light conditions arc naturally those which will survive best if placed 
under severe conditions as regards reduced light. This method, how¬ 
ever, can give only relative comparisons, since the structure of leaves is 
variable even under the same conditions of light. It is difficult to classify 
intermediate species on the basis of structure.^^® As already pointed out, 
leaf structure is also profoundly affected by the water relation. 

Factors Affecting Tolerance. —In using these criteria of tolerance, 
it must be kept in mind that soil moisture may also play an important 
and often a controlling part. When photosynthetic activity is low, 
development of roots is decreased more than that of the aboveground 
parts. Consequently, a seedling writh insufficient light is subjected to 
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much greater danger from drought or lack of soil nutrients. A classical 
example is that of Fricke’s experiment in Europe where isolated groups 
of 10-ycar-old Scotch pines were found growing among their 70- to 100- 
year-old parents. The younger generation was growing poorly, appar¬ 
ently because of deficient light due to the crowded condition. A trench 
10 inches deep was dug around a group in the spring, whereupon the new 
needles increased their growth to twice that of their neighbors and also 
that of the pre(;eding year. An herbaceous flora, moreover, appeared 
beneath the pines, quite in contrast to that of adjacent, similar areas. 
In digging the trench, the widely spreading, superficial roots of the parent 



Flo. 203.- -Normal development of needles of white pine {Pinua atrohua) (right), and their 
poor growth in the dense shade of tolerant deciduous trees. 

trees, which extended into the territory occupied by the younger gen¬ 
eration, had been cut. The vigorous growth was thus a response to 
increased water content and perhaps nutrients but not to increased light 
(Fig. 203). 

Trenching experiments with white pine in New Hampshire gave 
similar results. In Africa the experiment was modified by using 

well watered, potted plants of forest-tree seedlings and determining 
their growth in different degrees of shade under a forest canopy in com¬ 
parison with the natural reproduction. The conclusion was again 
reached that water was more important tlian light.Much evidence 
has been brought forth in Finland which shows that it is root competition 
rather than competition for light which determines the space relations 
of trees in forest on poorer soil types. ^ By growing tree seedlings on 
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plots in forest with and without surrounding trenches, the importance 
of root competition between parent trees and their offspring has been 
further demonstrated in Germany. 2 ’® From these and similar experi¬ 
ments, it has been concluded by certain workers that root competition 
is the dominant factor in determining the composition and growth of the 
understory. 

Researches in the ponderosa pine forests of Arizona, where soil 
moisture is a critical factor, do not support the conclusion of assigning 
to soil moisture the major portion of the influence formerly attributed 
to light. Here the seedlings grow in open grassy situations and do 
not become established under groups of trees. In these forests, on the 
Colorado Plateau, heat obtained from the radiant energy appears to be 
scarcely less important than moisture.®®® Seedlings benefited but little 
from trenching.®^® 

Bur oak, red oak, hickory, linden, and walnut were grown in south¬ 
eastern N(d)raska in prairie, oak forest, and linden forest. The light 
values varied from full sunlight in the plowed prairie, to an average of 
10.4 per cent in the oak, and 3.5 per cent in the linden forest. The 
development of both roots and shoots was the greatest for all spetdes 
in the prairie and least in the linden forest, where most of the seedlings 
died before the end of the third season. Photosynthesis was very rapid 
in all species in the prairie; it was weak at the oak station, and very weak 
in the linden forest. Soil moisture was adequate for good growth in all 
three sites. Survival, photosynthesis, and growth were directly corre¬ 
lated wdth light inteasity and inversely correlated with water content 
of soil. During severe drought, the ameliorating effects of shade provided 
by a forest canopy sometimes enables plants to survive better in forest 
than in the open.®^^ 

It is thus apparent that both light intensity and root competition are 
important factors in the growth of plants in forest. Undoubtedly the 
development of the undergrowth of shrubs, herbs, mosses, etc., on the 
forest floor is often greatly affected not only by the amount of light 
received but also by competition for water and nutrients. Which of 
these factors is the more important in a given area depends upon which 
one the more nearly limits plant growth. In the dense, dark forest 
on well watered, rich alluvial soil, it may be light; in a well lighted 
upland opening stocked with even aged saplings, it may be soil moisture. 
Improved growth may be brought about either by increasing the amount 
of light or by eliminating root competition. In thinning a stand by 
partial cuttings, both factors are reduced and, perhaps, often in about 
equivalent degrees. 

Tolerance also varies wdth soil fertility and such climatic factors as 
temperature. Plants in warm regions require less insolation than the 
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same species when grown farther north or at higher altitudes. White 
pine, for example, can stand less shading in Maine than in the moun¬ 
tains of North Carolina. Norway maple can live under 2 per cent light 
in Vienna, but 20 per cent is required in northern Norway. Since by 
far the greater part of the radiant energy is transformed into heat, 
the reason for these facts seems clear.In fact, in a study of tolerance, 
emphasis must be placed upon the physical effects of radiant energy. 
Many intolerant trees, such as ponderosa pine, rarely form close, dense 
stands. Hence, much of the thermal effect of the radiant energy is lost 
because of wind movement. Among tolerant trees of dense stands, 
such as spruce, there is little air movement, and consequently the total 
heating effect even of low illumination is high.^^ 

DURATION OF LIGHT 

The duration of the light period in nature varies from 12 hours at the 
equator to continuous sunlight throughout the 24 hours during a part of 
the year at very high latitudes. Thus, tropical plants are exposed to 
intense light during half of each day while arctic plants grow in weaker 
light continuously or nearly so throughout the summer. The long 
summer days of high latitudes enable plants to develop rapidly and 
mature quickly. Photosynthesis is continuous under such conditions 
although lowest at midnight. Species transplanted from lower lati¬ 
tudes and grown under the continuous sunlight of northern Scandinavia 
for 2 months had the vegetative period considerably shortened.Tim¬ 
othy grown at a set of six stations from Savannah, Ga., to Fairbanks, 
Alaska, had its vegetative period progressively shortened from south to 
north. The season of blooming progressed at a constantly accelerated 
rate due to the gradually increasing length of day.'-^^ It is largely due 
to the longer day, although, in part, to the protection afforded by the 
surrounding mountains from cool night winds, that oranges ripen earlier 
in the northern end of the Central Valley of California than 400 miles 
farther south.®®® Likewise, the continuous or long daily periods of sun¬ 
shine during summer make it possible to produce bountiful crops of 
hay, potatoes, and other vegetables along the coast of Alaska. The 
potato, which is a cool-climate crop, gives enormous yields, and grains 
and various garden plants grow rapidly, owing to the long period of 
illumination, along the Mackenzie River at the Arctic Circle. 

Numerous experiments have shown that continuous light produces 
maximum growth in some plants under the intensities and qualities of 
radiation that have been employed.®^* Many plants produce at their 
maximum under a 17- to 19-hour day.®® Continuous illumination pro¬ 
duces definite injury in certain species; still others, while showing no 
injury, are unable to benefit from it.®^ 
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Effect of Length of Day.* —^There is a marked tendency for plants 
of temperate climates to flower and fruit at only certain periods of the 
year. The yellow bell, redbud, crocus, violet, etc., blossom early in 
spring. As summer approaches, the iris, rhododendron, and poppy 
begin to bloom, while asters, dahlias, and chrysanthemums are character¬ 
istic of fall. These differences in time of reproduction are not related to 
temperature but to the daily duration of light and darkness. Even 
though appropriate temperatures are provided out of the regular flowering 
and fruiting season, often the flowers and fruits fail to appear. 



Fio. 204.—Long-day and short-day plants of red clover and evening primrose. One 
lot of the seedling clover and one rosette of Oenothera were grown six weeks under the short 
days of winter, and the others (center) were, in addition, illuminated until midnight. 

Violets kept in the light daily for a period corresponding to the 
daylight hours of spring, bloom at all seasons of the year. Similarly, 
chrysanthemums blossom in midsummer, provided they are given daily 
illumination of a duration equal to that of the late autumn days. If the 
short winter day is extended by means of electric illumination until 
midnight, iris will blossom in December, provided, of course, that the 
temperature, water, and nutrient relations are suitable. Ordinary 
40-watt, incandescent lights placed a few feet above the plants may be 
used. But even an average light intensity of about 5 foot-candles at 
the surface of the soil is sufficient for bringing many plants into bloom, 
although, in some cases, higher illumination is more efficient^®® (Fig. 204). 

* Materials for this section, exclusive of illustrations, have been secured mainly 
from the publications of Garner and Allard. 














412 


PLANT ECOLOGY 


The striking effect of length of day upon reproduction was discovered 
by Gamer and Allard at Washington, D. C., while experimenting with a 
newly developed variety of tobacco. It grew only vegetatively during 
the summer but flowered and fmited abundantly when grown in the 
greenhouse in winter. By shortening the midsummer daily exposure to 
sunlight, flowering and fruiting were easily induced. Experiments were 
then extended to include many other species, and numerous investigators 
have studied v’arious phases of the problem. 

A large number of species are more or less responsive to the daily 

light period.® In many species, the 
action of the light period under ordinary 
circumstances is dominant, the response 
of the plant being prompt and certain 
under a rather wide range of environ¬ 
mental conditions. Some species and 
varieties respond to long days by 
flowering and fruiting^ others to short 
ones. While, as a whole, there are sharp 
contrasts between the two groups, tliere 
are many species which apparently form 
an indeterminate or neutral group. 

Long-day and Short-day Plants.— 
Some plants require long days for 
successful flowering and fruiting, 
although they make a vigorous vegeta- 

old. Those in blossom received light growth during short Olies. 

from 9 a.m. till 4 p.m. daily; the others Typical examples are the radish, iris, 

r*! clover, the smaller ec«,al», evening 
placed in the small jars for photograph- primrose, and spiiiacli. These flower 

regularly during the long days of late 
spring and early summer. All may be brought into blossom and fruitage 
in midwinter, however, if artificial light is used to prolong the daily 
illumination period to 15 or 16 hours. 

Short-day plants such as beggar-ticks {Bidens), tobacco, dahlia, 
ragweed, and cosmos continue to develop only vegetatively under a long- 
day illumination. They come into blossom normally only w'hen short 
days occur. This is tnic of a large group of plants including most late- 
blooming summer annuals.®'® Experimentally, they may be caused to 
flower in midsummer by excluding the early morning or late afternoon 
light for a few hours each day (Fig. 205). If, however, these plants are 
darkened for the same number of hours (even 4 or 5) during the middle of 
the day, the vegetative period is not materially shortened. Cosmos 
under a short day, although dwarfed in stature, blossoms within 60 days 
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after the germination of the seed, while under long-day illumination it 
continues growth and may attain a height of 15 feet. 

Indeterminate or Neutral Group. —Certain species of plants belong 
to a neutral group which is less sensitive to daily light duration. They 
apparently have no critical length of day for reproduction and under 
suitable conditions for growth they tend to flower at all latitudes and at 
all seasons of the year.®^^ The cultivated sunflower, for example, is not 
materially influenced in time of flowering by the length of day, at least 
in medium-high latitudes, although the stature attained is greatly 
affected. Buckwheat also belongs to this group. When it flowers under 
a very short day (5 to 7 hours), however, it makes only limited vegetative 
growth and soon completes its life cycle. Under a day of 11 to 18 hours, 
the plants make a better vegetative development, and flowering and 
maturing of seeds continue for a much longer period. Chickweed, dande¬ 
lion, and groundsel also belong to this group. 

To determine to which group a species belongs, it is only necessary 
to grow it under daily light exposures of 10 and 18 hours, respectively, and 
observe under which, if either, daily light period flowering is accelerated. 

When exposed to a day length in excess of the critical, there is in the short-day 
type pronounced, long continued elongation of the stem without flowering; while 
exposure to a day length shorter than the critical quickly initiates reproductive 
activity. On the other hand, in the long-day plant, exposure to a length of day 
in excess of the critical results in elongation of the axis, which is promptly 
followed by flowering; while exposure to a length of day below the critical tends 
to limit development to a leaf-rosette stage. 

A study of the interrelation of day length and temperature has been 
made with both long-day plants (beets and Rudheckia) and short-day 
plants (soybeans). The critical light period for flowering may be 
altered to a certain degree by temperature, and conversely the favorable 
temperature range for flowering may be shifted by the action of day 
length.®®® 

The number of species belonging to this indeterminate group appears 
to be far greater than that of the other two groups. Alpine plants 
transplanted from Pikers Peak to the plains at the base, or to the coast at 
Santa Barbara, Calif., bloom in response to the temperature and not 
length of day.^’^ Most of the species taken from the deciduous forest 
and the prairie flower several months earlier in California, and in general, 
the displacement of seasonal aspects by long winters or late springs is a 
well known phenomenon. With experimental day lengths of 5, 10, and 
15 hours, practically all the species tested have blossomed in the reverse 
order, the long-day plants first. Recently, it has been found that species 
with a definite response to the photoperiod may change this completely 
under a different temperature.^®® 
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Everbloomers. —In temperate regions most plants have a compara¬ 
tively short period of flowering and fruiting each year, the length of 
time varying with the species. In some, however, reproductive activity 
continues through several months. These are known as everbloomers 
or everbearers. • 

Near the equator, where the days are always 12 hours long, many 
plants have developed the everblooming or everbearing habit. Under 
natural conditions, the seasonal change in length of day in the United 
States is such that only a few plants show a pronounced type of ever- 
blooming. A number of common weeds such as chickweed {Stellaria) 
and dead nettle {Lamium) are of this class. These plants continue to 
grow and to flower in the field more or less persistently not only through¬ 
out the summer but also in the winter, if removed to the greenhouse. 
They are conspicuously different in their behavior from the majority of 
nontropical plants which have their definite floral season. 

Several species of plants, when exposed to a length of day distinctly 
favorable to both growth and sexual reproduction, show a tendency to 
exhibit the “everblooming’' or “everbearing” habit, z.c., the ability 
to continue both vegetative and reproductive activities nion* or less 
successfully together. Apparently such plants may normally belong 
to any of the preceding groups. Conversely, by subjecting plants to 
daily light exposures unfavorable for reproduction, many species have; 
been kept for a very long time in apparent vigor. Red clovc^r was thus 
maintained for a period of 4 years under a 10-hour day,®'^^ and live-forever 
{Sedum spectabile) for 9 years under a 12-liour daily light period.'”^ 
When exposed to a long day such plants promptly blossom. 

Many annual plants such as soybeans and ragweeds, when subjected 
to a particular length of day, complete two annual cycles as regards 
vegetative growth, flowering and fruiting within a period of about 4 
months. The perennial aster behaves in a similar manner. Conversely, 
under certain light exposures, the vegetative development of annuals 
may be lengthened almost indefinitely, the plants behaving like non¬ 
flowering perennials. Thus, it appears that the cycle of alternating 
vegetative and reproductive activities as an annual event is due to the 
yearly periodicity in the length of day. Lengthening the day in autumn 
resulted in prompt renew'al of active growth and abundant development 
of new leaves in the tulip tree.®^*^ The usual rapid leaf fall of certain 
other woody species was replaced by a continuous dropping of the 
leaves.®®® It has been found possible to reverse the sex in hemp, maize, 
and other species by modifying the length of day.^®®-^®® 

To Study the Development of Long- and Short-day Plants. —During the short 
days of late fall or winter, arrange a black curtain and overhead lighting in such a 
manner that one bench in the greenhouse may be artificially illuminated until mid- 
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night, while the rest of the greenhouse is in darkness. The curtain should be drawn 
aside by day so that temperature, humidity, and all other factors except length of 
the period of illumiiiatioii are the same. Transplant into large pots, rosettes of 
evening primrose {Oenothera biennia)^ and rhizomes of iris that have been subjected to 
freezing temperatures. Also, grow seedlings of red clover, cosmos, Biloxi soybean, 
ragweed (Ambrosia)^ or other long- and short-day plants, 2 or 3 weeks before beginning 
the experiment. Select six of the best plants of each species, place three under 
long-day illumination, and leave the other three under that of the short day. Examine 
and compare the development of each species once each w^eek. The experiment 
should be continued at least 6 weeks or until the plants blossom. 

Effect on Food Accumulation. —Plants also differ in the light period 
best suited to the production of reserve food supplies such as occur in 
tubers, bulbs, conns, and thickened roots. Such light periods do not 
usually correspond with those that promote maximum shoot growth, 
although shoot growtli is adequate. Many plants produce tubers or 
fleshy roots only under the influence of a comparatively short day. Such 
are the Irish potato, Jerusalem artichoke (Hdianthus tuberosus), and 
yam. In all cases studied, typical tuber formation takes place as a result 
of decrease of the daily light period below the optimum for stem elonga¬ 
tion. Thus, tubcrizatioii is greatly favored by the shortening of the day 
in fall following the long summer days of high latitudes. In Puerto Rico, 
increase in yields as great as seven-fold was produced by certain varieties 
of potatoes under a 10-hour day as compared with one of 15 hours.“* 
The length of day determines the type of root system in Dahlia; fibrous 
roots were correlated with a long day and storage roots with a short 
A close correlation has been found between the transpiring and 
absorbing surfaces of representative long-day, sliort-day, and indeter¬ 
minate types of plants.^^* Conversely, bulb formation, as illustrated by 
the onion, takes place as a result of increase in the daily light i)eriod above 
the optimum for stem grow^th. 

Cause of Behavior.—In addition to influencing the fundamental 
process of photos 3 mthesis, the duration of the daily light period may 
definitely control other parallel processes of fundamental importance in 
plant growth and development. It may determine not only the quantity 
of carbohydrate produced but also the utilization of this material. It 
is not possible, however, to explain the effect upon this basis alone. 
Although many investigators have studied the method of action of the 
light period in influencing the characteristic photoperiodic responses, yet 
little progress has been made in determining the mechanism involved. 

The same is true of the closely related process known as vemalizatiorij 
i.e., bringing to the spring state. *^®**^^® It consists in accelerating the 
occurrence of the flowering stage in plants, such as winter wheat, so that 
they will bear fruit although planted in spring, and in causing late-flower¬ 
ing plants to become early bloomers. This is accomplished by partially 
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soaking the grain or seed and then subjecting it to a process of chilling at 
temperatures above freezing for a period of several days. Since the 
temperature is low and the grain not fully swollen, the embryo makes 
but slight development but undergoes a pronounced physiological change. 
The effect of the chilling is to hasten the occurrence of flowering, since 
the length of the vegetative cycle of the plant is greatly shortened. Thus, 
either chilling of the soaked seed, or alternation of light and darkness may 
endow a plant with a potentiality for earlier flowering. In thermophilic 
plants, such as millet, maize, sorghum, soybeans, and cotton, the partly 
soaked seeds are not subjected to low temperatures but to high ones, 
20 to 25°C. or higher, and kept in complete darkness. This removes the 
need for short-day illumination for flowering, such as the plants are 
accustomed to in subtropical and warm temperate climates.®® 

The light response can be definitely localized in the plant.Flower¬ 
ing may be confined not only to a certain branch or stem but also to a 
particular region of the stem.®'®*^®' Capping the stem tip of Helianthus 
tvberosus has the same effect on development of underground stems and 
on tuberization as covering the whole plant to provide a short day. The 
controlling influence is therefore centered in the growing tip.^®®'* It may 
be found that the action of light on the differentiating tissue is direct and 
of a photocatalytic nature.It is of extreme interest that an exposure 
of 10 successive short days was necessary to obtain flowering in short-day 
plants when they were afterward exposed to long days. A longer pre¬ 
exposure was necessary to obtain abundant flowering, and one of 21 days 
was prerequisite to successful fruiting.®^^ 

Effect on Distribution.—Plants that require a long day to flower and 
fruit obviously (lannot maintain themselves in the tropical zone even 
though increase in altitude may afford favorable temperatures. The 
existence of the more extreme types of short-day plants is likewise impos¬ 
sible. Passing from the equatorial regions into higher latitudes, tempera- 
tures promoting active vegetative growth are restricted to a summer 
period which, other conditions being equal, becomes progressively shorter 
as the polar regions are approached. The summers are characterized by 
lengthening periods of daylight and the winters by decreased length of 
day. Should plants like the ragweed, which requires about a 15-hour 
day to blossom, migrate northward, flowering would be progressively 
delayed later and later in the year until the days become sufficiently 
short. The seeds might freeze before maturing. If the plants were 
carried still farther north, they might not be able to blossom at all because 
of a too great length of day during the growing season. Hence, they 
could not ecize. Frost resistance, for example, is one of the chief factors 
determining the northward range of woody plants. To endure frost, 
trees and shrubs must terminate their vege'^ative growth before the advent 
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of freezing weather.***’®” The ability to do this has been shown for 
certain species to depend to a considerable extent upon the length of 
day.®** However, for native species temperature remains the major 
control in north and south distribution, as shown by the occurrence of a 
hundred or more dominants and subdominants of the prairie over a 
stretch of 20 degrees of latitude from Saskatchewan to Texas. Thus, any 
comprehensive study of the factors affecting the distribution of plants 
should take account of length of day along with the usual ones of tem¬ 
perature, water content, and light intensity. 

Practical Significance. —’Among field and garden crops, some plants 
are grown for their vegetative parts alone, others for their fruit or seed, 
and in still others maximum yields of both vegetative and reproductive 
parts are desired. A difference of 2 or more weeks in time of planting 
may definitely determine whether the plant activities will be directed 
toward the purely vegetative or the reproductive form of development. 
These facts strongly emphasize the importance of accurately knowing 
the correct time for planting each crop in order to secure the highest 
returns. Even different varieties and strains of the .same species differ 
markedly as to the particular length of day most favorable for flowering 
or for vegetative development.”* Failure of acclimatization of many 
species believed due to unfavorable temperature may actually have 
resulted from an unsuitable length of day. Radishes, for example, do 
not bloasom in the tropics and the biennial beets of temperate regions 
become annuals in Alaska. 

Knowledge of photoperiodism, as these responses to length of day are 
called, should aid the plant breeder to secure for any particular region 
earlier or later varieties, more fruitful or larger growing forms, and 
improved everbloomers and everbearers. The problem of extending 
the northern or southern range of crop plants is also more clearly defined. 
Judgment as to the adaptability of species in a new region is, moreover, 
placed on a more adequate basis. Plant breeding should be greatly 
simplified and hastened through artificial control of light duration. 
Plants may be made to blossom at will at any time of the year, and crosses 
between parental types heretofore impossible, because of their flowering 
at different times of the year, accomplished.®*® With proper knowledge 
of the specific requirements of each kind of plant, florists should be able 
to force flowering at any desired time during the year. The methods 
involved are simple and the results decisive. 
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PLANT RESPONSE AS A MEASURE OF ENVIRONMENT 

Any attempt to determine exactly the causes which are producing 
modifications in the individual plant, and consequently in vegetation, 
must include careful measurements of all the factors of the habitat. 
These must be made with instruments of precision in order to ascertain 
the exact amount of each factor that is present. Measurement forms a 
basis for determining the ratio between the stimulus and the amount of 
functional and structural adjustment that results. A fundamental and 
apparently inevitable objection to all instruments, however, is their 
failure to express factor differences in terms of plant activities. While, 
moreover, instruments record the individual fac’tors, most of them fail to 
integrate the various factors concerned. This is a serious drawback, 
since measurements of functions are regularly obtained as sums. Even 
with a complete set of measurements of habitat factors, the interpretation 
is diflScult, for the amount or intensity of any factor necessary to produce 
a functional or structural response can be determined only by observing 
the response of the plant. Thus, while factor intensities must bo meas¬ 
ured by instruments, the effects that produce changes in vegetation must 
be determined by the living organism, the j)lant. 

The phytonieter (plant measure) is designed to express the physical 
factors of the habitat in terms of physiological activities.It con¬ 
sists of plants grown, at least for a time, in the several habitats that are 
to be compared. Several plants are employed in each habitat so that 
variability of the individual is checked out. 

Control Phytometers.—Phytometers arc of many kinds, one of the 
simplest consisting of plants in sealed containers (Fig. 206 ). Since 
the factors of the soil may be varied at will, these are termed control 
ph3diometers. The containers are filled with fertile soil of good water 
content, in which the seeds are planted, and covered with a sand mulch 
until the seedlings have appeared. An optimum water content is main¬ 
tained by watering from time to time in amounts just sufficient to bring 
the container back to its original weight. For long-time experiments, 
provision is also made for aeration by means of a tube (automobile-lire 
stem) with threaded end, soldered to the bottom of the container and to 
which an exhaust pump may be attached. When the seedlings are well 
established, the pots are sealed. This is done by first making a paper 
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pattern and determining just where the hole to receive the stem is to be 
bored in the cork. The cork is partly cut and then broken in halves and 
fitted about the stem. A little modeling clay may also be placed about 
the stem. This affords a waterproof seal and the plants may now be 
placed in groups in the several habitats. It is best to place the containers 
in the ground nearly level wdth the surface of the soil and if the weather 
is hot the metal tops should also be insulated with soil, dead leaves, or 
other materials. By reweighiiig at intervals of a few days, the relative 
transpiration in the several habitats may be determined. If the original 
leaf area and dry weight of a few of the seedlings in other containers are 
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Fig. 206.^ —Sunflower phytonietcrs used for measuring rate of transpiration, increase in 
dry weight, etc., in a field of sunflowers. All were seedlings when placed in the field; the 
two in the middle at the level of the surrounding plants, the two on the right below, and the 
two on the left alwve this level. 

determined at the time the experiment is begun, growth at the end of 
the period may be measured in terms of leaf area and dry w^eight. 

Table 7 gives the results obtained from 12 phytometers of green-ash 
(Fraxinus) seedlings placed in a sumac thicket, in the adjoining prairie, 
and in the tension zone betw^een the two, respectively, during a period of 
8 days in midsummer. 

Table 8 shows the average responses of sunflower phytometers in 
the same habitats during another period of 6-day duration. 

By the use of similar phytometers of bur oak and other tree seedlings, 
it was found that transpiration in an oak forest in Minnesota was less 
than half of that in a hazelnut thicket, and the water loss in the latter 
less than a third of that in the prairie. 

Since phytometers are often placed in habitats that make extreme 
demands upon the plants, it is best to use species that are as hardy and 
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vigorous as possible. If the leaf area is to be measured, species with 
simple, entire leaves or large leaflets are to be preferred. Sunflowers, 
beans, the smaller cereals, various tree seedlings, or similar native species 
have been found most satisfactory. Sometimes the plants are attacked 
and ruined by grasshoppers or June beetles or in other ways. 


Table 7.—Water Loss from Phttometers of Tree Seedlings 


Number of phy- 

Water loss, 

Ijeaf area. 

Water loss. 

Average loss. 

tometer 

grams < 

square inches 

grams per 
square inch 

grams per 
square inch 


Sumac tliickct 


1 

28.5 

13.05 

2.2 1 

1 

4 

24.0 

9.15 

2.6 1 


7 

10.5 

4.85 

2.2 1 


10 

34.0 

11.20 

3.0 J 



Tension zone 



14.5 

4.65 

3.1 


5 

17.5 

4.80 

3.6 


8 

22.5 

7.60 

3.0 1 


11 

30.5 

9.30 

3.3 J 



Prairie 


3 

37.5 

6.40 

5.8 


6 

45.5 

6.65 

6.8 


9 

65.5 

12.30 

5.3 


12 

62.0 

12.35 

5.0 



Table 8.—Transpiration and Growth of Sunflowers in Three Habitats 


j 

Responses 

Sumac thicket 

Tension zone 

Prairie 

Water loss, grams... 

133 

56 

0.76 

611 

66 

1.89 

802 

74 

2.44 

Increase in leaf area, square inches. 

Increase in dry weight, grams. 



Sod-core Phytometers. —Water loss from various types of grassland 
has been measured by means of fitting metal cylinders, 1 square foot in 
cross section and 3 feet long, tightly over undisturbed cores of sod and 
sealing the bottoms in place. The phytometers were then placed in holes 
just large enough to contain them, which were surrounded by undis¬ 
turbed vegetation. The short-grass plains disclimax lost water at an 
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F’u!. 207, - Phytonicteivs, 82 Niiuarc inches in cross-soctioiial area and 2.5 feet deep, in 
which tlie native sod has bwn placed. They fit into metal-lined holes just deep enough 
.so that the .soil .surface within is on a level with the surrounding surface. The cans extend 
2 inches .above the soil surface, hence there is no runoff or run-in during rains. I^ovision 
is jiiado to prc^verit waterlogging. Planks temporarily placed on permanent frames 18 
inches high ]»criiiit weighing without disturbance of surrounding vegetation. 



Fig. 208.—Bundles of barley' from representative square meters from field plots. All 
are from the same lot of seed planted at the same time in fertile soil: left, in eastern Colo¬ 
rado; center, north central Kansas; and right, eastern Nebraska. 
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average rate of approximately 1 pound per square foot per day. In 
mixed prairie, where the vegetation is much more luxuriant, the loss was 
1,3 pounds, and in true prairie, where conditions are much less xeric, 
about 0.85 pound per square foot®’^ (Fig. 207). 

Free Phytometers. —Phytometers arc not confined to plants sealed 
in containers, but may also consist of transplants or plants grown from 
seeds, etc. These are subject to the complete factor complex of the 
habitat and are thus unlike sealed phytometers where the factors of the 
soil are under control. Some degree of control may be secured, however, 
if desired, by watering, shading, thinning, etc. Planting in different 
situations to determine the comparative behavior of seedlings has been 
practiced chiefly by foresters. Douglas fir in Arizona, for example, 
succeeds better under a cover of aspen than in the open, probably because 
of decreased transpiration, as indicated by the fact that evaporation was 
50 to 90 per cent less. Difficulty of establishment of true-prairic species 
in the short-grass disclirnax and forest trees in prairie has been fully 
demonstrated by seedling phytometers. In these studies, transplant 
phytometers consisting of large blocks of sod were also widely employed. 
The behavior of upland species in swamps or bogs and species of wet soil 
in well drained areas can best be studied by means of reciprocal trans¬ 
plants. The responses of plants to different amounts of salt or to acid 
soils may be similarly determined. In some cases (community phytome¬ 
ters), square meters of soil to a deptli of 8 in(*hes have been moved from 
one habitat into another and the effects upon the vegetation studied. 
In such experiments, the control community, after being excavated, is 
again planted in its own habitat. 

Phytometers have been extensively used in measuring climatic condi¬ 
tions^®® (Fig. 208). The clip quadrat is a type of phytometer, and 
the phytometer method is being employed in all experiments where 
plant production is used as a measure of environment.®®^ Extensive 
studies of the adaptations showui by alpine plants when transplanted 
at lower elevatioTis and lowland plants in various mountain habitats 
are throwing much light upon the whole problem of the origin and 
differentiation of species^®-^®® (Fig. 209). 



CHAPTER XVI 


ADAPTATION TO WATER 

In nature, there are many types of habitats as regards water content. 
But no plants can ecize in both very wet and extremely dry situations. 
Each species flourishes only in those habitats where it finds a suitable 
water relation. 

Types Produced by Adaptation to Water.—In the course of evolution, 
many species have become adapted in both structural and physiological 
features to habitats with an excessive water supply. Plants that liv('. 
wholly or partly submerged in water or in very wet places arc known as 
hydrophytes (Gr. hudor, water; phyton, plant). Plants of ponds, streams, 
and other bodies of water both fresh and salt, as well as those of swamps 
and wet meadows, belong to this group. 

By far the greatest number of plants live in an environment that is 
characterized by a medium water supply, siudi as is found in the imfwr- 
tant agricultural districts of the temperate zone as well as in moderate 
altitudes in parts of the tropics. The plants of forests, meadows, and 
prairies usually belong to this group. Plants of habitats that usually 
show neither an excess nor a deficiency of wiitcr are known as mesophytes 
(Gr. mesos, middle; phyton, plant). In general, definite structures for 
increasing water supply or decreasing water loss are either slightly 
developed or completely absent. 

Plants that grow habitually where the evaporation stress is high and 
the water supply low show characteristic adaptations to a decrease in 
water content. They are termed xerophylcs (Gr. xcros, dry; phyton, 
plant). Certain species of dest^rts, alpine peaks, sand hills, plains, and 
high prairies belong to this group. As among hydrophytes, plants 
of this group include species from many families entirely unrelated 
phylogenetically, although some, as a result of the impress of the environ¬ 
ment, have come to resemble each other more or less closely in vegetative 
characters, such as various cacti in arid portions of America and certain 
spurges in African deserts. Likewise, the vegetation of the arctic 
region resembles that of the antarctic in its general physiognomy, 
although the two areas have practically no species in common.®^’ 

Hydrophjrtes, xerophytes, and mesophytes are readily distinguishable 
as groups, since each has a more or less definite habitat and characteristic 
appearance. Between hydrophytes and mesophytes on the one hand, 

424 



ADAPTATION TO WATER f 425 


and extreme xerophytes and nieso- 
phytes on the other, there are 
found all gradations of form and all 
degrees of structural adaptations 
due to intermediate or partial 
habitats. Partly on account of the 
influence of humidity and partly 
because many habitats pass v(^ry 
gradually into each other, it is 
impossible to establish an absolute 
correspondence between each group 
and the water content. 

HYDROPHYTES 

Typical hydrophytes grow in 
water, in soil covered with water, 
or in soil that is usually saturated. 
With respect to tli(‘jr relation to 
w^ater and air, they may be arranged 
into three fairly natural groups, viz.^ 
submerged, floating, and amjfliibi- 
ous plants. Since the aquatic 
environment everywhere shows 
great uniformity, hydrophytes, and 
particularly the submerged and 
floating forms, show few^er adapta¬ 
tions than plants living under the 
more variable habitat characteristic 
of xerophytes. The structural 
adaptations arc chiefly in response 
to excessive water content, which, 
of course, implies a decreased 
oxygen supply.^*® They consist pf 
a decrease of tissues protecting 
from w’ater loss and mechanical 
injury, a reduction in supporting 
and conducting tissues, and a 
marked increase in aeration of the 
tissues wdth a corresponding 
decrease in palisade (Figs. 210 and 
211 ). 

Submerged Plants.— Plants 
growing entirely submerged show 



Fio. 210.—Habit sketch of waterweed 
{Elodea canadenais). Both loaves and stem 
are green and the roots also contain chloro¬ 
phyll if they receive sufficient light. 
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Fig. 211.—Detail of Elodea. A, cross section of a leaf showing the much reduced 
fibrovascular bundle. B, cross section of stem. Note the chloroplasts in the epidermis 
and the abundance of aerenchyma throughout the relatively largo cortex. The stele 
consists entirely of thin-walled cells which are not differentiated into xylem and phloem. 
An intercellular passage occupies the center of the stele. C, a cross section of the root 
showing the much reduced stele and large air passages in the cortex. 
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the greatest variations from the usual form arid structure typical elf 
mesophytes. 

Ecological Anatomy of Submerged Plants.—A thorough understanding of the 
profound changes brought about by the water environment can be had onJy by a 
study of representative specimens. 


Stems 

Cut transverse sections of the stem of a submerged species of pondweed (Potamoge- 
ton) or other submerged hydrophyte and compare it with a typical mesophyte, such as 
a sunflower, in the following respects: 

Epidermis.—Is there any cuticle or are all parts readily permeable to water? 
Compare the rapidity of wilting of portions of stems of the two plants when exposed 
for a time to the air. Do the epidermal cells contain chloroplasts? 

Cortex.—Explain the relative proportion of the stem occupied by cortex and stele in 
the two species upon an environmental basis. Compare, also, the relative amounts 
of intercellular space and depth to which chlorophyll extends. Is there any collen- 
chyma in the submerged plant? Stain with iodine and note where starch is most 
abundant and give reasons for this. 

Central Cylinder.—Are there any fibrovascular bundles or any tracheary or 
fibmus tissue? The air space in the center of the stem marks the normal position of 
the xylem (Fig. 211). Explain these modifications on an environmental basis. 
Make a drawing about 4 inches long of one<fourth of the cross section, showing all its 
parts. Examine sections of the stems of the hornw^ort {Ceratophyllum) or of Najas, 
Zannichdlia, etc. 

The structure of the stem of water milfoil {M yriophyllum)y a part of which grows in 
the air above water, should also be examined and compared witli the preceding plants 
in regard to each of the preceding characters. The relatively undifferentiated vas¬ 
cular strand sliould be noted. 


Leaves 

Examine and compare the leaves of Potaniogeton in detail with those of a meso- 
phyte in regard t-o epidermal characters, vascular bundles, and mesophyll. Draw a 
crt)ss section, filling in the chloroplasts. Also, cut sections of the leaves of any of the 
other submerged species. How do these compare with leaves of mesophytes? 

♦ Roots 

Examine the roots of Polamogetony or other submerged species which possess them, 
and compare them in regard to size, branching, root hairs, and internal structure with 
those of typical mesophytes. Compare those growing in w^ater with those growing 
in soil. 

The roots, stems, and leaves of higher plants of this ecological group 
are greatly modified. The epidermis of all of these organs is non- 
cuticularized and is thus able to absorb gases and nutrients directly from 
the water. The roots are greatly reduced in size, poorly or not at alJ 
branched, and destitute of root hairs except where they grow in the mud. 
In some species (e.g., Ceratophyllum)^ they have entirely disappeared. 
The older portions do not become impermeable with age, i.c., suberized 
or cutinized, as in land forms, but absorb throughout their entire life. 
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Even in wholly submerged plants that are rooted, at least part of the 
water and nutrient materials are often obtained from the soil.^^® Plants 
growing in the same body of water make a better development when 
rooted in a rich, humus-filled soil than where they grow in sand.®*^ 
Experiments have shown that many species cannot secure enough of 
certain nutrients to make the usual vigorous and continued growth unless 
they are rooted in the substratum, wdiere some produce root hairs. 

The greater density of the water as compared with air renders support 
less necessary, and the stems are usually long and slender with a poorly 
developed vascular region. The mechanical need for developing the 
vascular bundles near the periphery of the stem, as in mesophytes, 
so as to secure maximum rigidity, no longer exists. Consequently, the 
cortex occupies a much larger area in proportion to stele, an arrangement 
that greatly increases its photosynthetic activity. In many species 
such as Elodea, Zannichellia, and Najas^ the fused xylem strands are 
reduced to a central intercellular passage which is surrounded by 
phloem. 

The leaves are greatly reduced in size and thickness. Although 
water is much richer in carbon dioxide than is the air, diffusion is rela¬ 
tively slow. The absorbing surface is consequently greatly iiuTcased 
and the tissues brought into close contact with the source of supply 
by finely dissected or thin, linear, or ribbonlike leaves, often only two 
or three cells thick.This adaptation may have resulted, in part, 
also from mechanical stress due to moving water. Although scleren- 
chyma strands occasionally occur, especially along the margins of tlu^ 
leaves where they give tensile strengtli, the general abstmc'c of supporting 
tissue is shown by the collapse of the plant wIumi it is removed from the 
water. The thin leaves present an increased surface* in proportion to 
tissue involved, for the reception of the diffuse light. The plastids are 
usually large and motile. Stomata are absent, except where vestigial, 
and these are functionless. • 

The chlorenchyma of both leaves and stems is of the shade or sponge 
type. In the few cases where both palisade and s])onge are present, they 
are, doubtless, relics of a former structure. The epidermal layers, 
unlike those of land plants, are best supplied wdth carbon dioxide and 
frequently contain the chloroplasts most abundantly. Air chambers and 
passages filled with gas are common in all the vegetative organs, i.e., 
the aerenchyma is abundant.*®^ They consist of regular spaces 
extending through the leaf and often long distances through the stem. 
These spaces are usually separated by partitions of chlorophyll-bearing 
tissue only one or two cells in thickness. The air spaces not only afford 
buoyancy but also retain some of the oxygen resulting from photo¬ 
synthesis to be used in respiration. Likewise, a part of the carbon 
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dioxide that accumulates in these reservoirs at night may be used when 
the plant is illuminated. 

Vegetative reproduction is highly developed and flowers and seeds 
are less abundant than in most habitats, a I'esponse found in most types 
of aquatic plants.®*® Elodea^ for example, reproduces rapidly by frag¬ 
mentation; Eichhornia by runners; and duckweeds (Lemna, Spirodela, 
etc.) form new thalli so rapidly that under conditions favorable to 
growth they may soon cover the surface of a pond (Fig. 212). When 
sexual reproduction in submerged plants does occur, the flowers are 
usually fertilized at or above the surface of the water. 





Fig. 212. —Water hyacinth (Eickhomia) propagating by runners. The bladderlike floats 
are the enlarged air-filled petioles. 

Aquatic flowering plants are those that have exchanged terrestrial 
for aquatic life.*® Most of them are restricted to shallow waters and to 
the vicinity of shores. In the bodily organization of most of them there 
is much that indicates ancestral adaptation to land. The well developed 
epidermal system, for example, often retains stomata, although they 
cannot function under water. Only in a few species is the pollination 
aquatic, water and not air being the medium through which the pollen 
is dispersed. 

Floating Plants. —Plants of this group have undergone striking 
modifications in form and structure; even the aerial parts show their 
close association with the water habitat. 

Ecological Anatomy of Floating Plants. —Examine various free-floating forms such 
as duckweeds (Lmna, Spirodeia, or Wolffia), water hyacinth {Eickhomia), and water 
fern {Salvinia). Why do they not become wetted when plunged under water? Note 
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the method of vegetative propagation in the duckweeds where each thallus or frond 
represents an individual plant. How does Eichhomia propagate vegetatively? Cut 
sections of the thallus of a duckweed, the swollen petioles, and leaves and stems of 
water hyacinth and explain why each kind of plant floats. In cold water in late 
autumn duckweeds form winter buds which have more compact tissues than the thalli 
produced earlier in the season. Being heavier than water they sink to the bottom of 
the pond where they remain alive until spring, while those that remain afloat freeze. 

Examine the roots with regard to branching habit, root hairs, and the conspicuous 
root pockets that fit over the ends of the roots. Are these of any advantage to the 
plant? 

Examine the floating leaves of one or more species of water lilies {Nymphaea^ 
Caslalia), or water shield (Brasenia). Examine and draw cross sections of the 
leaves showing the stomata, air spaces (aerenchyma), and sclereids. Of what are 
sclereids composed and what is their function? Why is it essential that the leaves of 
floating plants be not easily wetted? How is this protection accomplished in the water 
lily? Does the petiole give the leaf mechanical support? The stems consist usually 
of thickened rhizomes rooted in the mud. Would you expect the petiole to have some 
vascular elements for the conduction of water, nutrients, and food ? Examine sections 
under the microscope. 

Many species of this group are free-floating forms, others are rooted 
in the mud and only the leaves and flowers float on the surface of the 
water. In the LemnaceaCy where the leaf and stem are represented by a 
tiny thallus, the roots are in the process of disappearing. Spirodda 
has several, Lemna but one, and Wolffia none. Such typi(;al water roots 
are hairless. In addition to having the characters described for those 
of attached, submerged plants, they possess root pockets. The function 
of these enlarged rootcap-like structures is not so apparent as "s the 
rootcap of terrestrial plants. 

Most attached species (water lilies, pondweeds, etc.) develop long, 
horizontal stems, rootstocks, or tubers. By means of these, they migrate 
rapidly through the water or mud and, as a consequence, the plants 
usually form conspicuous communities. The root systems are poorly 
developed, probably as a result of an excess of water and the reciprocal 
diminution of air. The petioles are much elongated. The aerating 
system is greatly emphasized, and supporting tissues, such as fibro- 
vascular bundles, are reduced. The leaves that have developed under 
water are like those of submerged plants, but in both form and structure 
of the upper portion, floating leaves are essentially similar to those of 
amphibious plants. They are usually coated with wax which prevents 
the wetting of the upper surface and the clogging of the stomata by water. 
Stomata are found only on the upper surface, with the exception of a few 
cases where they persist with loss of function upon the lower side (Fig. 
213). The palisade tissue of the leaf is often well developed, but is 
usually exceeded by the sponge tissue which is filled with large air 
chaml^rs (Fig. 214) 
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AmphibiouB or Emersed Plants.—Plants of this group are adapted 
to live , partly in water and partly in air. The two partial habitats are 
very different and usually the response ot the plant is marked. 



Fi(3. 213. —Upper epidermis of (1) a submerged leaf and (2) of an aerial leaf of northern 
water starwort {Cdllitriche bifida), showing the decrease in the number of stomata. {Drawn 
by Edith S. Clements.) 

Ecological Anatomy of Amphibious or Emersed Plants.—The cattail {Typka 
latifolia) is a good representative of this group (Figs, 215 and 216). Cut sections of 
the thick rhizome and examine for relative projMirtion occupied by cortex and stele. 




Fio. 214.—Cross section of the leaf of a water lily {Nymphaea advena). Note the 
stomata in the upper epidermis and the slime glands in the lower one, also the large Y- 
shaped, thick-walled sclereid which probably furnishes mechanical support. Photo- 
synthetic activity is conhned to the upper half of the loaf, the large, air-iilled lacunae in the 
lower part affording buoyancy. 

In the cortex, note the thickened eiidodennis, columns of bast fibers, and occasional 
bundles, together with the well developed aerenchyma, and hypodermis of thin-walled 
parenchyma. 

Examine cross sections of roots. What effect has decreased water content and 
increased aeration upon root branching and root-hair development (p. 322)? 
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Examine sections of freshly cut leaves and, later, prepared slices of the same. 
Make out clearly, by cutting the leaves lengt^iee, the nsiture and position of the 
I beams and diaphragms separating the large air spaces. To what portion of the leaf 
is photosynthetic activity confined? Examine the structure of one of the 1 beams in 
detail. 

Draw an aerial and a submerged leaf of some heterophyllous species such as yellow 
water crowfoot {Ranunculus delphinifolius), mermaid weed (Proserpinaca paluslris), 
or water cress {Horipa americana). Examine the changes in size and structure of 
aerial and submerged leaves of species of water starwort {CaUitriche) or mareVtail 
(Hippuris). 

Most species of amphibious plants have extensive underground or 
creeping stems which are rooted in the mud and spread rapidly. Thus, 
Avhile the roots and portions of the stem as well as frequently part of the 
leaves are under water, at least a portion and often most of the shoot is 
aerial. Plants of tidewater marshes and other places subject to periodic 
inundations belong to this group. In addition to numerous vascular 
plants, many algae are also included here. In fact, some of the latter 
(*annot live if they are constantly under water. 

The vascailar species of this group are closely related to mesoph3rtes 
and are the least specialized of W'ater plants. Owing to their frequent 
occurrence at the water’s edge, many amphibious plants have a wide 
range of adjustment and may grow for a time as mesophytes or partially 
submerged. 

The roots exhibit the usual characters of plants growing in water¬ 
logged soil. Their extent, degree of branching, and root-hair develop¬ 
ment vary directly in proportion to decrease in water content and increase 
in aeration (Fig. 153). Owing to variation in the water content of marsh 
habitats, the rhizome structure may show both hydric and xeric adapta¬ 
tions. In Typha, for example, the prominence of mechanical and con¬ 
ductive tissue indicates mesophytic tendencies; the abundance of storage 
parenchyma and aerenchyma, hydrophytic ones.®®®-'®*® The thickened 
endodermal layer affords a means of protection against water loss dur¬ 
ing drought. Since both mechanical and conductive tissues are well 
develo[)ed, the plants are able to grow erect without being supported 
by the water. Perhaps the most distinctive feature of the stems of 
amphibious plants is the large internal air chambers crossed by frequent 
diaphragms that arc per\dous to air.*®^ These are important in affording 
aeration to the siibmerged parts, as may be shown by an experiment in 
which all the rootstocks are cut at the water’s edge and the aerial shoots 
below the water level. In most cases, the plants will not recover. 

The leaves of amphibious plants show the greatest variation in both 
form and structure when the plant is subjected alternately to the air 
and water environment. The lower leaves of some species are covered, 
either normally or by a rise in water level. When they develop under 
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Fig. 216. —Detail of structure of Typha latifolia. section of leaf showing I beams, 
air chambers, and diaphragms. The parallel lines indicate the position of the portion 
greatly enlarged in B. C, outline of a cross section of a rhizome showing relative propor¬ 
tion of cortex and stele and the part shown in detail in D. D, the opidernns, consisting of a 
single layer of cells; exodermis consisting of many small cells; aeronchyma and columns 
of bast fibers; and thick-walled endodermis. E, cross section of a root showing abundance 
of aerenohyma. 
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water, they take the form and structure of submerged leaves. The aerial 
leaves are usually large and entire, showing a marked tendency to 
increase the exposed surface (Fig. 217). - This is clearly shown by experi¬ 
ments with Ranunculus sceUratus grown under varying conditions of 
water content. Floating leaves and those of plants grown in saturated 
soil are larger than those on plants grown in drier soils, but they change 
little or not at all in thickness. The lake cress {Radicula aqualica), 
water crowfoot (Ranunculus aquatiUs), and mermaid weed (Proserpinaca 
palustris) are representative. Changes in size and structure without 
dissection of the leaves are shown in some species of pondweed {Pota- 



Fig. 217.—Habit sketch of a water crowfoot (RanunculuB aqaatHui). 


mogeton)^ water starwort (Callitrichc autumnalis), and others. Many 
species are less plastic. 

The change in the form and structure of the submerged leaf seems 
clearly related to the absorption of carbon dioxide from the water, there 
being no danger of drying. As soon as the leaves begin to develop above 
the water surface, the danger of desiccation is nullified by the production 
of a cuticle, with its necessary accompan 3 dng stomata. In a plant such 
as Ranunculus aquatilisj these changes may be brought about at will by 
growing portions of the plant in air or in watci. Where stomata are 
present, they have only slightly cutinized walls and in most hydrophytes 
are almost always open, many species such as Typha and Scirpus validus 
having lost the power to close them even in extreme wilting.**^ Com¬ 
pared with mesophytes, the cuticle is usually thin and destitute of 
hairs. 
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The stomata are numerous and usually more abundant on the upper 
than on the lower surface. The palisade tissue is represented by one or 
more well developed rows, but this portion of the leaf is regularly thinner 
than the sponge parenchyma. The sponge tissue contains large air 
spaces or numerous large air chambers, usually provided with thin plates 
or diaphragms of cells. The palisade is reduced as the air spaces and 
sponge tissue increase. Hence, the chloroplasts are exposed more com¬ 
pletely to the sunlight, and water loss is augmented. The fibrovascular 
system is more efficient than in other types of hydrophytes. 

- An explanation has recently been proposed which satisfactorily 
accounts for the origin of a cuticle in land plants and in parts of hydro¬ 
phytes exposed to the air. It also reveals why a cuticle is poorly developed 
or absent in absorbing roots and in all submerged parts of hydrophytes. 
Meristeinatic tissues always contain fatty substances, such as fatty acids, 
fats, and lipins, w^hich migrate to the plasmatic interfaces during the 
processes of vacuolation and differentiation. Subsequently, they migrate 
into and along the walls separating the protoplasts until they reach the 
surface of the root or shoot. Sodium, potassium, and magnesium soaps 
of fatty acids move quite readily along cellulose w^alls saturated with 
water, but calcium soaps are immobile. Many of these fatty substances 
contain uiisaturated fatty acids w^hich are liable to undergo rapid change 
in the presence of oxygen, oxidizing and condensing into varnishlike 
substances insoluble in water. Thus, the cutin of the cuticle is formed. 
Cutin is merely a name for an aggregate of substances varying in specific 
composition but having the same general characters, most important 
of which is their low permeability to w-ater. In submerged plants the 
fatty substances largely pass on into the surrounding water (unless it is 
predominantly calcareous, when insoluble calcium soaps may accumulate) 
and are never oxidized, z.e., little or no cuticle is formed. The thinness or 
absence of a cuticle on absorbing water roots or soil roots is similarly 
explained. Conversely, where large intercellular spaces occur, as in 
hydrophytes or in the cortex of the roots of many plants, the endodermis 
may be quite waterproofed, except for passage cells, by oxidized fatty 
acids forming cutin or suberin.®*® The production of cuticle in water 
roots with chlorophyll and nonproduction of it when chlorophyll is 
absent is explainable on the ground that the oxygen produced by photo¬ 
synthesis is necessary for the oxidation of the fats.^®* 

MESOPHYTES 

Mesophytes grow in habitats that are neither extremely dry nor wet. 
The oxygen supply about the roots is moderate, the solutes are neither 
extremely dilute nor too concentrated. Because of variation in light 
however, mesophytes are differentiated into sun and shade forms. A 
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mesoph 3 rte possesses a form or structure that is more or less characteristic 
by reason of the absence of distinct modifications. Notwithstanding its 
apparent lack of a distinctive impress, a mesopbyte is as much a product 
of its habitat as the well-marked hydrophyte or xerophyte.®** 

Mesophytes stand midway between hydrophytes and xeroph 3 rtes. 
For this reason, they pass, on the one hand, into dry-land plants and, on 



Tig. 2is. --A corn plant {Zea maya indent€Ua) with leaves rolling as a result of drought. 

the other, into amphibious plants. Various xerophytes and hydroph 3 rte 8 
have, moreover, often found themselves in conditions that changed them 
into mesophytes. Many of them have, in consequence, retained charac¬ 
ters of leaf, stem, or root that are to be regarded as ancestral rather than 
as the result of adaptation to the present habitat. 



Fio. 219.—Cross section of a leaf of corn showing two groups of the enl^ged bulliform 
(bubblolike) cells in the upper epidermis. These constitute the rolling device. Upon loss 
of turgidity in these cells the leaf rolls inward. 

The roots of mesophytes, such as common field and garden crops, 
plants of meadows, and species of deciduous and moist evergreen forests, 
are usually extensive and much branched. Root length, except per¬ 
haps in the case of trees, usually equals or exceeds the height of tops, and 
the volume occupied by roots likewise usually equals and often greatly 
exceeds that occupied by the aboveground parts. Root hairs are nearly 
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always abundant. Conditions for humus accumulations are favorable, 
bacteria and fungi are plentiful and often intimately associated with the 
roots in nodules or as mycorrhizas. 

The foliage of mesophytes shows a maximum development. The 
leaves are large and of moderate thickness (Figs. 218 and 219). Owing to 
the thin, transparent epidermis, which is moderately cutinized, and an 
abundant development of chlorophyll, they are of a deep-green color. 
This is quite in contrast to many xeric species. The stomata are abun¬ 
dant and, except in woody plants, usually distributed on both surfaces. 
They are relatively uniform in structure, and the guard cells show a 
maximum capacity for movement. 

Number of Stomata. —^Where a species is subjected to increased 
drought, whether climatic or brought about by competition, the result is 
often a dwarfing of the plant and an increase in the number of stomata per 



Fio. 220.—Unit areas of the epidermis of oats equally magnified. That with the fewer 
stomata and larger cells was grown under less xeric conditions. 

unit area. The stomata develop early, and if there is not enough water 
to cause the normal cell hydration and growth, all of the leaf cells are 

dwarfed'«®*i®23.io27 (pjg 220). 

Extensive investigations in England have shown that in general 
smaller leaves at any level on the plant have greater stomatal frequency 
than larger ones. There is a frequency gradient from the base to the 
apex of the plant, the higher leaves, regardless of size, having a greater 
number of stomata per unit area than the lower ones. A study of 
numerous grasses and forbs in true prairie showed a similar relationship 
(TabljB 9). 

The rate of transpiration was highest from the leaf areas with the 
greatest number of stomata, where insolation, wind movement, and 
evaporation were also greatest. This distribution of stomata is greatly 
influenced by the water relation as is shown by the fact that no such 
gradation develops in plants grown in a very humid atmosphere. The 
frequency of stomata, moreover, is not constant over the entire area of 
even a single leaf, but certain well-marked tendencies of distribution are 
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evident. In dicotyledons, there is a frequency gradient from the base 
to the apex of the individual leaf and from the midrib to the periphery. 
This seems clearly related to distance from the water supply, cells at the 
base and near the midrib having the largest supply and attaining the 
greatest growth. The stomata are consequently fewest per unit area in 
these portions of the leaves.’®® 


Table 0. —Average Number of Stomata per Square Millimetre for Species of 

True Prairie 


Species 

Prairie 

habitat 

Lowest 
living leaf 

Middle 

leaf 

Highest 

leaf 

Andropogon fureatus . 

Low 

198 

224 

311 

Elymus canadensis . 

High 

76 

103 

127 

Andropogon scoparius . 

High 

319 

369 

418 

Erigeron ramosus . 

Low 

180 

298 

367 

Erigeron ramosus . 

High 

265 

319 

383 


A study of the woodland flora showed that the shrub layer had a 
greater stomatal frequency than the more mesic herbaceous one and that 
the tree layer, which is exposed to greatest desiccation, had the largest 
number per unit area of all. Likewise, the flora at the margin of the 
forest showed a greater stomatal frequency than the protected one 
bencmth the forest canopy. 

Similar relations have been found for the smaller cereals as a conse¬ 
quence of climatic drought; the number of stomata in barley, for example, 
increased progressively from 65 to 91 per square millimeter. Where 
drought was due to competition, a progressive increase in the number of 
stomata has been found in sunflowers planted in various densities in the 
same field. The plants ranged from 64 to 4 inches apart. The increase 
in the number of stomata per unit area is directly correlated with a 
decrease in their size. 


Table 10.—Stomatal Characters in Relation to Dbnbitt of Planting 


Distance between plants, inch^ 

64 

32 


8 

4 

Average number of stomata per square millimeter.... 

295 


411 

427 

465 

Average length of guard cells, microns. 

27 

mi 

24 

19 

18 

Average width of guard cells, microns. 

16 


15 

14 

13 

Average number of chloroplasts per stoma. 

23 

1 

20 

19 

16 


Stomata of sun leaves are smaller than those of shade leaves and those 
of plants growing in dry habitats are smaller than those of plants growing 
in moist ones. Stomatal frequency cannot be regarded merely as a 
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means of adaptational adjustment with respect to transpiration, since the 
number of stomata per unit area increases as conditions for water loss 
become more severe. 

In general, stomata are usually more numerous on the less exposed 
or lower surface of the leaf. In nearly all trees and in many shrubs, 
they are confined to the lower side. Exceptions occur in many shade 
plants, where the exposure on the two surfaces is equal, and in aquatic 
plants. The change in the number of stomata is well illustrated by a 
buttercup {Ranunculus sceleraius). When grown in water with the 
leaves floating, no stomata developed on the lower surface but in only 
moderately moist soil 40 per cent occurred on the lower surface. 

XEROPHYTES 

Xerophytes have originated from mesophytes. They have gradually 
undergone changes under the impress of increasing drought until they 
have become well fitted to endure extremely xeric conditions. The great 
desert areas of the world bear evidence that life characteristic of them 
has developed along several independent lines. Different families and 
different genera show in every case their closest relationships to those of 
adjacent regions of greater moisture. Deserts occupy one-fourth or 
more of the land surface. They have been the scene of a vast develo])- 
ment originating in remote geological times and involving a large number 
of species.*** Xerophytes are much greater in numb er of species and 
more diversified in form, structure, and physiological adaptations than 
are hydrophytes. 

The structural changes found in the foliar organs or modified foliai 
organs of xerophytic plants were regarded according to the classic view 
as modifications of the mesophytic leaf. At the same time it was con 
sidered that these modifications reduced the amount of transpiration 
in the xeric plant. Modem experimental work has shown that this 
conception of xerophytes is a generalization often based on insufficient 
data. Many species of plants with xeromorphic stmeture are by no 
means xerophjrtes.^®^* Numerous investigations have shown that 
although succulent desert plants have a low intensity of transpiration, 
other types of xerophytes may transpire as much or more than meso¬ 
phytes under high tension of the environmental factors, notwithstanding 
their form and structure. Of course, this high rate of water loss is not 
long maintained in deserts, since favorable water content is exceptional. 

Types of Xeric Environments. —Xeroph 3 rtes are the characteristic 
plants of deserts, but they are by no means confined to them. Neither 
are all desert plants xeric. Xerophytes may occur in any habitat in which 
low water content is accompanied by atmospheric conditions which 
promote rapid water loss. Structural and physiological modifications 
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nommon to xerophytes have been evolved under many different degrees 
and kinds of xeric environments. In fa<^, several types of deserts are 
readily distinguishable. First are those with very low rainfall and a 
hot, dry, windy climate such as is characteristic of the thom-scrub 
deserts of the southwest. In contrast is the less xeric Artemisui-Atriplex 
type of the west. More extreme than either, and almost if not quite 
excluding all types of plant growth, are the saline deserts in which aridity 
is sup])lemeiited by a soil with such an excess of salts that absorption from 
it is extremely difficult or impossible. 

Other types of xeric habitats such as plains and tablelands are xeric 
because of low rainfall, often coupled with high runoff and great evapora¬ 
tion. Rock ledges and cliffs afford local xeric areas, even in climates 
suited to mesophytes. Similarly, sand hills, dunes, and shingle beaches 
may be, for a time at least, populated with plants of xeric habit. This 
is because of rapid percolation and shifting of the surface soil and, 
especially, the intense insolation at the soil surface. 

Classification of Xerophytes.—Plants of xeric habitats have been 
(classified as (1) drought escaping, (2) drought evading, (3) drought 
(enduring, and (4) drought resisting.^^^ Annuals adapted to such a short 
growing season (4 to 6 weeks) that they can complete their life cycle 
from germination to maturing seed during a brief period of water supply 
(iscape drought. The second group of plants evade drought by conserv¬ 
ing thfi scanty moisture supply as a result of small size, restricted growth, 
growing far apart, or by low water requirement. They thereby evade 
early desiccation. 

Drought-enduring plants are largely desert shrubs such as creosote 
bush {Covillea glutinosa). Like drought-evading plants, they make very 
little growth in a single season and are usually small and widely spaced. 
When soil moisture is reduced below that available for growth, the leaves 
wilt or dry in place or may drop off entirely. The plants continue alive, 
however, enduring the drought and making no new growth until water is 
again available to the roots. Most of the plants can endure long, dry, 
hot periods. For months they may be without any water available for 
growth and then rapidly start growth in the event of rainfall. The 
characteristic vegetation of semideserts and deserts of North America 
is of the drought-enduring type. 

The fourth group resists drought by accumulating a supply of water 
that is used when none can be secured from the soil. By means of this 
stored water, they may continue to grow for long periods, often flowering 
and ripening seed. Here belong the succulents such as cacti and Agave 
and other species with fleshy stems or leaves or roots. They are able to 
extend their root area even in dry soil and are thus better fitted to secure 
water when the soil is moisten^*” (Figs. 221 and 222). To thfe type 
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also telong many epiphytes, Other drought-resistant species are non¬ 
succulent plants with large reservoirs for water in their stems or under¬ 
ground organs. Such are many trees of African grasslands, which, 
following the long drought and grass fires, spring into bloom before the 
rains. 

More recently xeroph 3 rtes have been divided on the basis of drought 
resistance into two types, succulents and true xerophytes, the succulents 
being considered as atypical, highly specialized, and relatively restricted 
forms.®^ Because of their great storage and slow expenditure of water, 
they are immune from the potent influence of an internal water deficit, 
nor do such typical representatives as the cacti, Agave, etc., yield iiigli 
osmotic pressures, a common characteristic feature of xerophily. 



Fiq. 221.—A drought-resiating plant. This cactus {Opuntia cartianchica) has blos- 
Bomed and the fruits, which appear as small branches, are ripening. The fleshy green stems, 
in addition to storing water, perform the work of leaves. 

Characters of Xerophytes. —Xerophytes are distinguished by the 
capacity to survive long periods of drought and dehydration of tlieir 
tissues without injury or with only slight injury. Thus, a chief charac¬ 
teristic of xerophytes seems to be an extensive resistance to wilting. 
W hile mesophytes wilt with a small reduction of water content of their 
tissues (even 1 to 2 per cent), xerophytes may lose 8 to 25 per cent or 
more of their water before they wilt.^®® 

True xerophytes are characterized by certain anatomical and physi¬ 
ological features. These include (1) a decrease in the size of all cells 
including the guard cells, (2) a distinct thickening of cell walls, (3) a 
strongly developed palisade in the mesophyll, (4) a denser network of 
veins than in mesoph 3 rtes, and (5) an increase in the number of stomata 
per unit area.^®®='^®” Physiologically (6) the intensity of the rate of 
tnuispiration is increased when water is plentiful, (7) there is a rise in 
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the osmotic pressure, and (8) the capacity to endure permanent wilting 
is greatly increased.^^ The Russian physiologist and ecologist, Maximov, 
maintains that the last is the most important, as has long been believed. 

Of the essential factors inducing a xeromorphic structure must be mentioned 
solar radiation, and a water deficit in the leaves leading to the deflexion of water 
from the embryonic tissues. This shortage of water does not permit of the normal 
development of the cells during the so-called "stretching growth," or period of cell 
enlargement. The cell walls, therefore, cease to expand comparatively early, and 
proceed to become thicker. The result is the production of smaller cells with 
thicker walls. This decrease in cell size leads to other structural peculiarities, 
e.g.^ a denser network of veins (for the number of cells occupying the spaces 
between the veins ... is more or less constant), smaller leaves, and so on. 
Intense radiation induces the cells of the chlorenchyma to grow perpendicularly 
to the leaf surface, thereby converting potential spongy mesophyll into palisade 
tissue. This results in an increase of assimilative capacity. At the same time, 
the increased number of stomata allows of more rapid transpiration per unit area. 
Finally, intense insolation combined with deficiency of water leads to higher 
osmotic pressures, which in turn are apparently related in some way to an 
increased power of resistance of the protoplasm to injury during wilting. Such 
may be accepted as a working hypothesis regarding the xerophytism induced in 
plants by the direct influence of external conditions.* 

Behavior of Xerophytes.—The responses of two plants, one of meso¬ 
morphic and one of xeromorphic structure, under two environments are 
instructive, t Under conditions of a plentiful supply of water and a 
moist atmosphere their rates of transpiration may be identical. When 
placed under conditions of increasing aerial desiccation the mesophyti(^ 
plant will show a marked increase in rate of transpiration. Very soon 
the absorption of water will not replace the loss from transpiration and 
the deficit will result in closure of the stomata. Transpiration at this 
stage will decrease considerably and photosynthesis may almost cease. 
Because of the high cuticular transpiration the loss of water will continue 
at a rapid rate and the plant will wilt. If drought continues, it will dry 
out and die. The behavior of the xerophyte will be quite different. 
The rate of transpiration also increases at first, and since the stomata 
remain open for a longer time under the combination of external factors, 
the plant will lose more water through the stomata than the mesophyte. 
This is not a great danger because its tissues can endure a considerable 
dehydration without injury since the plant is drought resistant. Photo¬ 
synthesis will also continue much longer than it did in the mesophyte, 
an important advantage possessed by the xerophyte. Plants cannot 
stop their water loss without also decreasing the rate of photosynthesis. 

• Copied by permission, from “The Plant in Relation to Water. 

t This paragraph is rewritten from Maximov, “The Physiological Significaiice of 
the Xeromorphic Structure of Plants,”*^* 
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Sooner or later^ howeveri the stomata in the xeric plant will also close. 
Then only cuticular transpiration will occur. As the cuticle of the 
xeroph 3 rte is almost impermeable, especially when dry, the amount of 
water loss will be quickly reduced to a minimum and the plant, although 
in a state of permanent wilting, will remain alive for a long time. The 
tissues will lose only small quantities of water. 

While cuticular transpiration in mesophytes has been found to be 10 
or more per cent that of stomatal transpiration, that of xerophytes 
is much less. In some cases it is reduced to practically nil. When 
conditions more favorable to growth again occur, the xerophytic plant 
will recover and start its activities anew. Thus, it is a capacity to reduce 
water loss to a minimum in time of water scarcity that characterizes 
the water utilization of xerophytes. 

Xeromorphic structures such as thick cuticle, waxy covering, or 
abundant development of hairs have little value in directly reducing 
the rate of transpiration of xerophytes so long as the stomata are open. 
But when the plant is wilting and the stomata are closed so that the loss 
of water takes place only through the cuticle, then all of these anatomical 
modifications manifest their protecting properties. 

Climatic conditions of deserts are characterized by extreme variations. 
Great fluctuations in temperature and humidity may occur not only 
annually but also daily. Deserts are at times cool and humid. The 
life of most desert plants depends upon their ability to become active 
during relatively short but comparatively favorable periods. This is 
chiefly during rainy periods and during the short periods following when 
water is available for plant growth. Their activity occurs chiefly in the 
morning when the plants are sufficiently saturated with water that has 
accumulated in the tissues during the night when the stomata were 
closed. 

Xerophytes are drought-resistant plants rather than plants which 
are benefited by dry conditions. Their growth and yield are increased 
by watering. Their capacity to endure permanent wilting is the test 
of drought resistance. Since physiological activities cannot be deter¬ 
mined from anatomical data alone, experimental tests for xerophytes 
must be employed. Many species which anatomically appear^to be 
drought resistant are not actually so. The easily observable structural 
peculiarities appear to be of less importance than the capacity to endure 
without injury a great loss of water. The capacity of the protoplasm 
to undergo considerable variations in its degree of hydration without loss 
of vital activity or irreversible coagulation seems of paramount impor¬ 
tance. The key to drought resistance may be found in the physico¬ 
chemical properties of the living protoplasm rather than its structural 
products.®®® The functional approach to the phenomenon of xerophytism 
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should supplement or replace the anatomical one. It should include 
primarily the water relations but also those of nutrition and other physi¬ 
ological activities as well. 

Adaptations to a Decreased Water Supply. —The effect of a deficiency 
in the supply of water must be met by changes that decrease the demand 
arising from water loss, by modifications that increase the supply by 
adding to the absorbing or storage capacity of the plant, or by the 
capacity of the protoplasm to bind water so effectively that it may long 
remain dormant but quickly revive when water becomes available. 
These changes affect cell metabolism and result in modifying the form 



Fiu. 22.3.—Soctioii of leaf of the Russian thistle (ScUaola showing the large amount 

of water-storage tissue. 


and size of various organs as well as their structure. Plants have 
become adapted to drier habitats both physiologically and structurally.®^® 
In fact, there is increasing evidence that the products of the changed 
metabolism induced by drought directly account for certain structural 
changes. 

Succulence .—This is one type of adaptation common to many species 
of deserts and is illustrated by Cactaceae, species of Euphorbia, Stapelia, 
and others. Thq parenchymatous elements show an exaggerated 
development in relation to the more ri|pd tissues, these masses of thin- 
walled cells remaining distended and turgid. Succulence may originate 
as a direct result of aridity, but all succulent plants are not necessarily 
xeric. The reduction of the water content of a cell below a certain point 
results in the conversion of polysaccharides, with a low imbibition 
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capacity, into pentosans. The latter, especially when mixed with nitrog¬ 
enous substances under the organization of the living plant, have a 
high hydration capacity, the action having the force of regulatory adjust¬ 
ment. Since the change is irreversible, the pentosans result in permanent 
succulence.®®^'®^® 

Succulent leaves are usually reduced in size and are often more or less 
cylindrical in form (Fig. 223). The epidermis is often 
covered with a waxy coat, and in addition some 
possess a thick cuticle, as in the century plant 
(Agave). Most succulent plants of nonsaline soil 
yield relatively low osmotic pressures, those of Cereus 
and Opuntia ranging between 5 and 7 atmospheres. 


Fig. 224. fT Fig. 225. \ 

Fig. 224.—A cantus (&jn/7i£ia) "^howing deciduous, Boaleliko i|eaV^. on the young shoot. 
Although the shoot is Only 4 wceldi'oU, the loaves beginni^j? jto fall. 

Fig. 225.—Section Irqm a leaf dff^Aloe: C, showing the Cutinized portion 

of the epidermal ..wall; ahd Ef layer of cellulose. The first row of ehloronc^hyma is also 
shown. 

A Study of Succulent Leaves.—Examine the leaves of Russian thistle (Sdlaola 
pestifer) and century plant {Agave). Draw a thin segment of one type. In Salaola^ 
note the sharp differentiation between chlorenchyma and water-storage tissue. In 
fresh leaves of the century plant, make out the peculiar epidermal characters con¬ 
sisting of wax grains, cuticle, cuticular layer, and cellulose layer of the epidermal walls. 
Note the extent of palisade and depth to which chloroplasts occur. Compare the 
rate of wilting of excised shoots of Russian thistle with that of sunflower, bean, or 
other mesophyte. 

Little or no water is absorbed by desert succulents during severe 
drought, the plants drawing i^on the water reserves in their tissues. 
When the stomata are closed, transpiration is so greatly reduced that 
these reserves are sufficient to tide the plant over for many months or 
even several years without rain. Since succulents can endure relatively 
severe drying, they are able to use their stored water almost completely. 









448 


PLANT ECOLOGY 


Desert succulents such as Euphorbia^ Etapelia, and the Ccuitacecie 
have decreased water loss by the extreme reduction or loss of leaves and 
by reducing the stem surface. In the cactus, for example, leaves are 
wanting except during the early stages of growth, and then they occur 
only as small scales at the nodes (Figs. 224 and 225). The stems may 
remain smooth and round or become fluted by the presence of vertical 
green ribs or become flattened in various degrees, but they are always 



Fig. 226.—Papago Indiaiip near Torrei9. Mexico, drinking the water which he has 
squeesed from the tissue of a cactus {Echinocactua) into the cavity formerly occupied by the 
tissue. {After CovUle and MaeDougal.) 

thick and fleshy. Fluted stems, such as those of the giant cactus {Came- 
giea gigantea), undergo accordion-like expansion and contraction during 
moist and dry periods, respectively.^® The flattened types present a 
small amount of surface in proportion to the mass of contained tissue; 
the surface is further reduced in the thick, cylindrical type and reaches 
a minimum in the spherical form. Grc^lfth is slow because of the small 
surface exposed to light, although the chlorophyll extends much deeper 
than in most stems and leaves, but some species attain the proportion 
of trees and may have a reserve supply of many tons of water stored in 
the pulnv interior"® (Fig. 226). Their xeromorphic characters usually 
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include a highly developed cuticle and sunken stomata, hence the plants 
lose water very slowly when the stomata are closed. 

Thickened Wcdh .—Another form of xerophytism is expressed in 
thickened cell walls and protective coverings. These result from the 
accelerated conversion of the polysaccharides into their anhydrides or 
wall materials (celluloses, etc.). This metabolic change is also induced 
by a depleted or lessened water supply in the cells.®"® The result is that 
the plant structures take on the indurated qualities so characteristic of 
many desert species. Desiccation promotes the development of cork.^^® 
Even in mesophytes the advent of winter or extreme summer drought 
usually results in the closure of the lenticels by the growth of a layer of 
cork. The thickness of bark varies with the habitat, usually being least 
in moist places and greatest in deserts, alpine regions, etc., where factors 
promoting desiccation are greatest. In plants of xeric habitats, the con¬ 
ducting tracts are also well developed. Not only are the vessels more 
numerous, larger, and longer, but also the walls are much thicker than 
in mesophytes. Lignification begins earlier and is pronounced, and the 
rings of growth, whether one or more a year, well developed. Bast fibers 
and sclerenchyma reach their highest development. Because of thicker 
epidermal coverings or deeper-seated chlorophyll, or because the chloro- 
plasts are paler or fewer (as in cases of excess of salt), desert plants usually 
have a dull grayish color quite in contrast to the bright green of meso¬ 
phytes and hydrophytes. This use, moreover, of carbohydrate's in 
making wall materials, etc., is accompanied by a limited growth, partic¬ 
ularly in stenLS and leaves where the effects of aridity are greatest. 
Hence, dwarfness is common among plants of xeric habitats. Frequently, 
it results in spinescence, which is also promoted by intense light and 
extreme desiccation. The two types of transformation of carbohydrates, 
mz.j the formation of increased cell-wall materials and hydrophilous 
colloids resulting in succulence, may take place in different parts of the 
.same plant. In fact, wall materials are abundant in the peripheral 
cells of cacti, for example, and pentosan and mucilage accumulation in 
the interior. 

Cuticular transpiration is greatly decreased or completely prevented 
by heavy cuticularization and extreme cutinization of the epidermis. 
In extreme cases the cuticle is .sometimes thicker than the diameter of the 
epidermal cells. Heavily cutinized leaves are usually leathery in texture. 
The cells of the epidermis are sometimes protected against water loss by 
the secretion of a coating of wax, resin, or other material, or by the 
development of hairs. * 

Internally, leaves of xerophytes (except succulents) contain much 
mechanical tissue. This is believed to be connected with the necessity 
of giving rigidity to these organs which must remain for long periods in a 
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wilted condition. The thickened epidermal coverings give rigidity as 
do also the mechanical fibers which accompany the bundles and form I 
and T beams. Hypodermal cells consisting of layers or masses of greatly 
ligiiified fibers or merely cutinized cells similar to the epidermis often 
occur immediately beneath the epidermis. Thus, wilted stems and 
leaves of xerophytes do not droop like those of mesoph 3 rtes which have 
lost their turgor. They are not readily bent by the wind, a process which 
accelerates loss of water, nor are the water-conducting tracts sharply 
bent or constricted. 

Leaves of xeric grasses which fold or roll into a tube illustrate one 
function of such mechanical tissues. In fact, often more than half of the 



Fia. 227.— A. Outline of a rolled leaf of wheat grass {.Agropyron smithii). B. Detail 
of one of the seginonts of the leaf showiiig bulliform cells of the rolling device on either side 
and the I beam, which consists of bundle and woodv fibers and gives rigidity to the flaccid 
leaf. 


leaf is given over to mechanical tissue and nongreen (*ells containing water 
(Fig. 227). The stomata usually occur most abundantly or entirely on 
the upper surface. Hence, when the leaves roll upward and inward, due 
to decreased turgidity on the upper surface, or fold so that the edges 
touch, water loss is greatly decreased, .since? the lower surface of the leaf 
is usually heavily cutinized. Experiments have shown that the transpi¬ 
ration rate of c(?rtain xeric i)rairit; grasses is reduced to only 5 to 10 per 
eent normal when the leaves roll during drought. 

To Determine the Rate of Transpiration of Open and Rolled or Folded Leaves. 

Determine the avemgi? loss by transpiration of a well established xeric grass in a. sealed 
container from 8 a.m. till 5 p.rn. Repeat the weighings after so much available water 
has been transpired that the leaves have rolle<l or folded. C'alciilate the percentage 
of loss during drought (?ompared with that during an equal preceding period. 

A grass loaf consist's (\sstuitially of a s(‘rios of ]jarallol bundles, varying 
chiefly in size and amdunt of mechanical and conducting tissue, between 
which chlorenchym^ is supported (Fig. 228), Immediately surrounding 
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the bundle is a sheath of cells often with much thickened, lignified walls. 
Commonly there occurs a second layer of thin-walled parenchyma cells, 
either with or without chlorophyll. Strands of sclerenchyma tissue 
ordinarily accompany the bundles and frequently form with the larger 
ones I or T beams of mechanical tissue extending across the leaf. The 
epidermis, especially the lower or dorsal one, is highly cutinized. Over 
the vascular bundles the epidermal cells are often smaller and thick 
walled, while bulliform (motor) cells, usually greatly enlarged, occur on 
the upper surface betw^een the larger veins. Frequently, they lie at 
the bottom of w^ell-defined grooves or occupy the entire thickness of the 
leaf. They are thin walled, and when they lose their turgidity through 
desiccation, the leaf rolls upward and inward. Thus, the stomata, which 
usually occur in rows and nearly always only in the depressions of the 



Fig. 228.—Cro8.s section of leaf of blue grama grass {BorUeloua gracilis). 


ventral surface in the most xeric species, are well protected from water 
loss. Mechanical tissue is very ofFectiA^e in preventing the collapse of 
the loaf and permitting it to roll. The remainder of the leaf is given 
over to chloreiichyma, except in cases of extreme xerophyt,es wdiere water- 
storage tissue occurs. The tissue is compactly arranged, the chlor- 
enchyma cells being either nearly isodiametric or somewhat elongated. 

To Observe the Rolling and Folding of Leaves.—Detach leaves from various 
xeric grasses and watch them fold or roll as they dry. This may be hastened by 
cutting cross sections only a millimeter or two in length. Examine with a binocular 
microscope the upper and lower surfaces of wheat grass {Agropyron) or needle grass 
[Siipa). Detach a leaf and follow the process of rolling as it dries. Examine freshly 
cut sections of the above and also of Bouteloua or Buchloe to determine the mechanism 
of rolling. Note especially the amount of tissue not concerned in photosynthesis. 

Osmotic Pressure .—The conpeutration of the sap of a species is not 
constant. It may be influenced by any of the environmental conditions 
affecting transpiration, by the products of photosynthesis, or by the 
supply of available water. The sap density of any species usually shows 
variations corresponding to the degree of aridity of the habitat, the 
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highest osmotic pressures, except in succulents, usually being found in 
more drought-resistant species. Extended experiments over a wide 
range of materials show that the highest osmotic pressures are found in 
xerophytes and the lowest in hydrophytes, mesic species occupying an 
intermediate position®^* (Table 11). 


Table 11.—Osmotic Pressures in Atmospheres op the Cell Sap op Various 

Plant Groups 


Ecological type 

Osmotic 

pressure 

Ecological type 

Osmotic 

Herbs 

Woody 

plants 

pressure 

Xerophytes: 

Jamaican coastal deserts. . 

.... 

30.0 

Salt flats {Solicomia, Alleiv- 
rolfea) . 

34.fi 

Arizona desert. 

1.5.2 

25.0 

Greaaewood-shad scale {Sarco- 
batus vermtculaluSf Airiplex 
confer tifolia) . 


32.0 

Mesophytes, l^ng Island.,, . 

10.4 

14.4 

Shad scale (A triplex conferti- 
folia) . 

22.4 

Hydrophytes: 

Jamaican rain-forest. 

8.8 

11.4 

Sagebrush {Artemisia triden^ 
tata) . 

22.0 






High osmotic pressure causes considerable tension of the cell walls 
through increased turgor and thus prevents visible wilting for a long time, 
even though the water deficit continues to increase. Thus while delicate 
shade plants, such as the balsam {Impatiens), may wilt with a loss of 
only 1 or 2 per cent of their water content, strongly xerophytic plants 
may not show signs of wilting until the water content is reduced 30 per 
cent or more. This delayed loss of turgor enables the plant to continue 
photosynthesis longer. The chief importance of high osmotic pressures 
in desert plants is believed to be during the period of wilting when therc^ 
is a real danger of excessive water loss. 

Among mesophytes, the osmotic pressure within the root hairs 
increases somewhat as the soil water becomes less and the solutes more 
concentrated. Likewise, the cell sap of the leaves, when the plants are 
grown in dry places, often shows an osmotic pressure greater by several 
atmospheres than that of similar plants in moist situations.^^^*^^^ 

During the great drought of 1934, as the water content of soil in true 
prairie gradually decreased (p. 210), the osmotic pressure of all prairie 
plants studied increased. This increase was frequently 30 or more 
atmospheres among moderately deeply rooted upland plants, but among 
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deeply rooted upland plants and plants growing in low, moist habitats, 
the increase was usually only 2 to 10 atmospheres. Watering increased 
the water content of tissues and lowered osmotic'pressures."* 

Among xerophytes generally, especially woody species and plants of 
saline areas, high osmotic pressures usually prevail."' This is combined 
in the plants of the latter group with the ability to resist the toxic action 
of concentrated salts within the cell, which would undoubtedly be 
injurious to many other species. 

A correlation between plant succession and osmotic pressure has been 
shown in Utah, where one plant community gradually replaces another 
more tolerant to salt as the soil becomes less saline.”* In the saline 
deserts about Great Salt Lake the succession in the sequence indicated 
in Table 11 is from the vegetation of the salt flats to sagebrush.*** The 
osmotic pressure decreases gradually in each of the several stages from 
the initial one to the climax. The osmotic pressures are the averages 
for several woody species in each community.*** 

Other Changes .—In proportion to their tops, the roots of xerophytes 
are frequently greatly elongated, much branched, and densely clothed 
with root hairs. In many species the leaves are greatly reduced or want¬ 
ing, and in others the stem is so reduced that the leaves seem to spring 
directly from the top of the enlarged root. In such short-stemmed forms, 
the internodes are little or not at all developed and the rosette of leaves 
either lies flat on the .soil surface or forms a hemispherical group of radi¬ 
ating and often more or less fleshy or bayonet-like leaves, as in certain 
species of Agave and Yvcca. 

A few desert shrubs lose their leaves during long periods of drought 
but may regain them after a few da}rs following even moderate precipita¬ 
tion, a phenomenon that may be repeated several times during the 
course of a year.*** Loss of leaves also occurs in all deciduous trees and 
shnibs growing in climates which are periodically dry, as a temporary 
adaptation to drought. The latter may result either from an actual 
deficiency of water, as in certain semitropical and tropical climates, or 
from its low availability due to frozen soil. 
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PLANTS AND PLANT COMMUNITIES AS INDICATORS 

Every plant is a product of the conditions under which it grows and 
is, therefore, a measure of environment. It indicates in general, and 
often also in a specific manner, what other species would do if grown in 
the same place. The dominant species are the most important indicators, 
since they receive the full impact of the habitat usually year after year. 
Furthermore, plant communities are more reliable indicators than 
individual plants. It has been seen that in the development of vegeta¬ 
tion species are not indiscriminately mixed without regard to their fitne.ss 
to be companions but that the members of the community are adapted 
to each other and to their common surroundings. A community of hard 
maple, buffalo grass, spike rush, creosote bush, and sea blite would be 
an absurdity. Each .species thrives in a habitat quite different from 
that of the others. One immediately a.ssociates beech, linden, spicebush, 
and various other trees, shrubs, and herbs of similar habitat requirements 
with hard maple. In the same way, desert species such as cacti, yucca, 
etc., are associated with the creo.sote bush. Eaesh plant and community, 
moreover, bring to mind a more or le,ss definite soil or (ilimate. 

A plant or community may indicate a deficiency or an excess of water 
and often accompanying secondary or concomitant factors. Cacti, 
yucca, sagebrush, and x(!rophytes in general are associated with habitats 
of low water content as well as usually with high temperatures and low 
humidity. Cattails and bulrushes, as well as other hydrophytes, indicate 
in a general way an exetsssive water supply and consequent poor aeration. 
Greasewood, saltwort, and other halophytes denote an excess of soil 
solutes just as definitely as such woodland forms as wild ginger and 
ginseng indicate, with other woodland species, habitats with low light 
intensities. A serai community, e.g., reed swamp, not only indicates the 
present condition of the habitat but also what the previous conditions 
were and what future conditions will be. 

Plants are indicators of conditions, processes, and uses (Fig. 229). 
Many species such as salt gras.s (Disticklis) and reed (Pkragmiies) indicate 
a water table at or near the surface soil; others such as Washington palm 
(Waskingtonia) and greasewood (Sarcobatvs) indicate ground water at a 
greater depth, while the mesquite (Prosopis) is an indicator of a deep 
water table, the roots sometimes extending to a depth of 30 to 50 feet 
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Fi( 3 . 229.—Mohave River valley, showing zones of vegetation due to different depths of 
ground water. Desert serub in the foreground, salt grass in the lowland back of the desert 
scrub, and Rood-plain forest of poplar, willow, and inesquite along the river. (17. *S. 
Giological Survey^ Photograph by D. G. Thompson.) 



Fig. 230. —Cut bank of Santa Cruz River near Tucson. Ariz.. showing the depth of roots of 
the mesquite (Prosopie). {Photograph by V, M, Spalding^ Carnegie i nst. Wash.^ Puh.^ 113.) 
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(Fig. 230). Certain species are confined almost completely to areas with 
.specific water-table depths.®®* Various species indicate such processes 
as erosion, lumbering, trampling, fire, etc. Others are of great value in 
indicating the uses for which lands may best be employed, rriz.y agriculture, 
grazing, forestation, etc.,*®®*®*® and still others denote,past climates.^®® 

INDICATORS OF AGRICULTURE 

The most reliable natural indicators of the agricultural possibilities 
df a region are to be found in its native vegetation.®®* For many centu¬ 
ries, the natural vegetation has been sorted out by climate as well as by 
the soil in its process of development, until usually only species well 



Fig. 231.—Distribution of fruit orchards, vineyards, and planted nut trees in 192(t. 
Each dot represents 1 .(MK) acres. The greatest areas of production of tree fruits and nuts 
such as apples, peaches, pears, chestnuts, pecans, etc., and such hush fruits as hlacklM^rries. 
currants, and raspberries (aside from irrigated districts) are in those portions of the United 
States formerly occupied by forest trees and shrubs. {U. S. Department of Agriculture.) 

adapted to a given environment now occur in abundance. The growth 
of the plant cover is a measure of the effects of all the conditions favor¬ 
able or unfavorable to plant development. The natural plant cover, if 
properly interpreted, indicates the crop-producing capabilities of land 
better than any series of meteorological observations or soil analyses 
(Figs. 231 and 232). This does not minimize the importance of th(» 
study of environmental factors, since the significance of the various type.s 
of vegetation can be interpreted only by an understanding of the condi¬ 
tions under which the plants grow, especially where agriculture is not 
already well established. 

Forests as Indicators. —Since the earliest settlements in Ameri(;a, 
agriculturists have been accustomed to judge the quality of land by the 
forest trees growing upon it. The pioneers in the Ohio Valley who settled 
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on lands covered \^ith sugar maple and beech were more prosperous than 
those on oak and pine lands. Forests should be examined not only as 
to the species but also as to the form and si^ assumed by the trees grow¬ 
ing in arable soils. For example, post oak {Quercus stellaia) and black¬ 
jack oak (Q. marilandica) are very different in their habit of growth on 
upland and lowland or on sterile sandy soil. When thus considered, 
forests form a safe criterion for evaluating the potential productivity of 
the land. This is especially true where tree growth is correlated with 
the development of the shrubs and perennial herbs of the forest floor. 
Not only the market value of the land but also the tax rate has been 



Fig. 232.—Distribution of oats in 1929. Each dot represents 10,000 acres. The 
cereal crops, viz., corn, spring and winter wheat, oats, barley, sorghum, and millet, all of 
which are grasses, have their center of greatest production in that portion of the United 
States originally covered by grassland. (U. S, Department of Agriculture.) 

frequently determined by the type of vegetation. The accuracy with 
which experienced farmers were able to evaluate the productivity of 
tirnberlands by their forest growth excited the wonder even of agricultural 
investigators. Thus, “ black oak and hickory uplands,” ” gum bottoms,” 
“hackberry hummocks," “post-oak prairie,” “red-cedar prairie," etc., 
each had certain cultural values or peculiarities of soil well understood 
by the farmer. 

Many years ago, it was noted that 

... ill the long-leaf pine uplands of the cotton states, the scattered settle¬ 
ments have fully demonstrated that after 2 or 3 years’ cropping with com, 
ranging as much as 25 bushels per acre the first year to 10 and less the third, 
fertilization is absolutely necessary to further paying cultivation. Should the 
short-leaved pine mingle with the long-leaved, production may hold out for 5 to 
7 years. If oaks and hickories are superadded, as many as 12 years of good 
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production without fertilization may be looked for by the farmer; and should 
the long-leaved pine disappear altogether, the mingled growth of oaks and short¬ 
leaved pine will encourage him to hope for from 12 to 15 years of fair production 
without fertilization. 

Grasslands as Indicators. —The relation between the native vegeta¬ 
tion and possibilities of the land for crop production is well illustrated 
by the various types of grassland in central North America. The great 
grassland area extending across the Mississippi Valley from the forests 
of the east to the foothills of the Rockies is not characterized by a uniform 
vegetation throughout. The true prairie of the eastern portion is dis¬ 
tinctly different from the desert plains of the west and southwest, and 
between these two regions is a broad belt of mixed grassland where mid 
and short grasses intermingle. The chief causes of these differences in 
grassland vegetation are the differences in the quantities of soil moisture 
supplied by the rainfall and the length of time during which soil moisture 
is available. Decreased relative humidity southwestward is also an 
important factor. Differences in soil structure, resulting from differences 
in climate and vegetation during its development, are also pronounced. 
These factors, which have so largely determined the type of grassland, 
exert striking influences on the development of both root and shoot and, 
hence, influence crop growth and yield. 

True Prairie. —Mid grasses constitute by far the greater portion of 
the grasslands of Minnesota, Iowa, Illinois, and Missouri, as well as of 
the eastern third or more of the Dakotas, Nebraska, Kansas, and Okla¬ 
homa. Originally, they covered the climax areas to the exclusion of other 
species, and the tall grasses were confined to meadow^s, raviru^s, and the 
bases of slopes. During the pt^riod of settlement, however, they suffered 
mu(;h from overgrazing, clearing and burning, with the result that their 
tail-grass competitors, notably Amiropogon, gradually moved up the 
slopes and today appear to be essential members of the prairie relicts. 
The tw^o types have? been referred to as high and low prairie, but the tall 
grasses actually formed postclimax meadow's, and they make a disclimax 
when they replace the mid grasses more or less completely as a result of 
human disturbance. 

For the most part, the mid grasses range from 2 to 4 feet tall, while 
the tall grasses reach 5 to 6 feet or even more. Apart from stature, they 
have much in common and hence may be c.onsidered together as indica¬ 
tors, in spite of the fact that the tall grasses are not actual climax domi¬ 
nants. The latter (comprise big bluestem (A ndropogonfurcatus) , goldstem 
{Sorghastrum nutans), tall panic grass (Panicum virgatum), tall marsh 
grass {Spaftina pectinata), and wild rye {Elymus canadensis). The chief 
mid grasses are needle grass {Stipa s^partea), dropseed {Sporobolus asper 
and 8. heterolepis). little h\ue^teTci {Andropogon scoparius), side-oats 



PLANTS AND PLANT COMMUNITIES AS INDICATORS 469 

(■ 

grama {Bovteloua curtipendula)y and June grass {Koeleria criskUa) 
(Fig. 233). The indications of the grasses are reenforced by a host of 
societies composed largely of legumes, composites, mints, and roses.®’^ 
The mid grasses of the true prairie assume the bunch form for the 
most part but with a tendency to develop short rhizomes and thus produce 
a more or less uniform dense cover. They are usually rooted to a depth 
greater than their height in the fertile dark soil, and some of them are 
able to continue growth into the autumn. This is possible because of 
the presence of abundant soil moisture. Even in the drier portions, the 
soil is usually moist to a depth of several feet, and moisture is continuous 



Fig. 233.—Upland true prairie in eastern Nebraska. Needle graS^s {Stipa spartra) 

the most conspicuous species. 

to the w^ater table in eastern areas with higher rainfall. The surface soil 
may dry out each year and drought may occur in late summer and fall, 
but the subsoil, into which the deeper roots penetrate, is permanently 
moist as a nile. Such conditions favor the development of deeply rooted 
species in large number and in fact the true prairie is characterized by 
this type of root habit.®®^-®®® Most of the features indicated are more or 
less emphasized in the so-called low prairies, characterized by the tall 
grasses of the postclimax. 

Conditions Indicated for Crop Growth. —The relationship, origin, and 
life form of the dominants of the tme prairie furnish general indications 
of much value as to the preferred crops. The andropogons are not only 
distant relatives of com, but they are likewise subtropical in origin, as is 
Sporobolus also. On the other hand, Agropyron is closely akin to wheat 
and like the needle grass (Stipa spartea) characterizes a temperate climate. 
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The invasion of the disturbed uplands by the tall Andropogon furcatus 
and Sorghastrum nvtans is suggestive of the conquest of much of the 
region by corn.®* 

Mixed Prairie .—This community lies west of the true prairie from 
southern Canada to northwestern Texas, whence it extends through 
northern New Mexico and Arizona. The name is derived from its two- 
layered nature, mid grasses forming the upper story and short grasses the 
lower. The latter have suflFered much less from overgrazing and have 
consequently replaced the mid grasses over most of the area. Before 
this relation was understood, the nearly universal presence of a short- 



Fig. 234.—Short-grass disclimax in eastern Colorado. The dominant grasses arc blue 
grama (Bouteloua gracUUi) and buffalo grass {Buchloe dactyloidea). 

grass cover led to the assumption that this was the climax of the Great 
Plains. It is now generally recognized that short grass is a grazing dis- 
climax and that its climatic indications are those of the original mixed 
prairie to which it belongs. Consequently, a short-grass sod indicates 
overgrazing alone, and the degree of this may be read off by the extent to 
which the mid grasses have vanished and the sod itself has been further 
modified by competition among the short grasses (Fig. 234). 

The mid grasses of the Great Plains are in part those of the true prairie, 
as in the case of wheat grass {Agropyron smithii) and June grass (Koeleria 
cristata), or they are closely related species, such as needle grass 
(Stipa comaia) and sand dropseed {Sporobolua cryptandrus) (Fig. 235). 
The most important dominants of the short-grass type are blue grama 
{Bautelom graciUa), buffalo grass (Buchloe dadyhides), and the sedges, 
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Carex BteriophyUa and C. filifolia. Societies play a much smaller part, 
both in number and in extent, than they do in the true prairie, as a 
consequence of reduced rainfall. 

Mid grasses, and Agropyron in particular, are still generally present 
in the mixed prairie but usually in reduced forms, which rarely flower 
under continual grazing. There are also considerable stretches where 
the original relation obtains, in which the short grasses are entirely sub¬ 
ordinate to their taller associates. For the most part, however, grazing 
keeps all the grasses in the condition of a low sod, in which grama, buffalo 



Fig. 235.—Mixed prairie of wheat grass {Agropyron smithii) and needle grass {Stipa comata) 
with short grasses beneath; Scotts Bluff, Neb. 

grass, or the short sedges are dominant. The rainfall ranges from 10 to 
15 inches less than in the true prairie and the penetration in^ the soil 
is correspondingly restricted, though it necessarily varies between rainy 
and dry periods. Penetration of water determines the depth to which 
roots may grow, and these in turn fix the limit at which leached salts 
accumulate to form a more or less definite carbonate layer. The latter 
generally occurs at a depth of 16 to 30 inches and may be from 8 to 20 
inches in thickness, while below it the subsoil is dry. 

When the natural vegetation is destroyed by cultivation, the depth 
of penetration is increased, even if the land is continuously cropped, and 
with alternate years of cropping and summer fallow, this depth is even 
greater. In the former case, water seldom penetrates below 2 to 3 feet 
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and under the latter practice only now and then beyond 5 to 6 feet. Con¬ 
sequently, the deeper subsoil is constantly dry, owing to a precipitation 
usually less than 23 inches, great evaporation, and considerable runoff. 

Conditions Indicated for Crop Growth. —The major difference between 
cropping systems in the true and mixed prairie is indicated by the change 
in dominants. Taller and more mesic species are replaced by those of 
lower stature and greater ability to resist drought. Thus, Stipa spartea 
gives way to S. comata^ and Sporobolus asper and >S. heterolepis yield to 
S. cryptandrus, Andropogon scoparius disappears except as a postclimax 
relict, and Bouteloua curtipendula and Kocleria cristata decrease greatly in 
a^Dundance at the lower elevations. Agropyron alone maintains and 
improves its position, to become the indicator of wheat as the leading 
crop. In spite of the general impression during the recent, period of 
drought, wheat at the many dry-land stations in the Gre^^Sylains has 
produced an average of 17 to 31 bushels per acre for the Ipt 10 years. 
The presence of short grasses is in accord with the general reductioh in 
rainfall, but in the original mixed prairie, they were regularlj^ subordinate 
to the mid grasses. 

I 

INDICATORS OF SOIL TYPE 

Extensive studies in the Great Plains have shown that under the same 
precipitation and other climatic conditions the native vegetation may 
vary greatly and, in fact, different communities may occur within a 
radius of only a few miles.®’** These differences are due to the type of 
soil. The hard, compact, very fine sandy- and silt-loam soils, which 
are by far the most extensive, are occupied by the short-grass disclimax, 
with more or less mid grass. Where the soil contains an admixture of 
sand, runoff is greatly reduced and the water penetrates to greater depths, 
often to 3 or 4 feet. This sandy-loam type of soil is clearly indicated 
by the abundance of certain characteristic species which are taller and 
more deeply rooted than are the short grasses on the *'hard lands.'* 
Chief among these are wire grass and Psoralea which form an open growth 
in the grama-grass sod (buffalo grass being rarely found) since moisture 
in the deeper soil is often insufficient to produce a continuous growth of 
the taller, deeply rooted plants. 

Where the soil becomes so sandy that all of the rainfall is absorbed 
and there is no runoff, the bunch-grass {Andropogon scoparius) typt; of 
vegetation prevails. This deeply rooted mid grass is accompanied by the 
tall sand-hills’ bluestem {Andropogon hallii) and sand reed {Calamovilfa), 
by sand sage {Artemisia filifolia), bush morning glory {Ipomoea lepto- 
phyUa), etc., which constitute a tail-grass postclimax to the mixed prairie 
(FigB. 236 and 237). 
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The short-grass disclimax indicates much runoff, limited water pene¬ 
tration, and a growing season shortened by a limited water supply. Such 
land is not well adapted to late-developing, deeply rooted crops such as 



Flu. - Bush morning glory (Jpomoea leptopfiyUa), an indicator of sandy soil. The 
plant is perennial from an enormous root which serves for storage of water and fwid. 



Fig. 237. — Sand-hill sage (Artemisia fiiifolia), an indicator of sandy soil. 


corn> although early-maturing crops, such as winter wheat, often give a 
good 3deld. Owing to the high fertility, crops make a rank growth when 
water is pler^tiful «arly in the season and are thu.s poorly fitted to with¬ 
stand drought. 
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Wire grass indicates soil into which almost all of the rainfall pene¬ 
trates and where surface evaporation is greatly reduced. The moisture 
is distributed to a considerable depth and when drought threatens, plants 
are able to draw on the reserv^es found in the deeper layers of soil. The 
native vegetation indicates this longer growing season. Fertility is still 
sufficiently high so that crops grown on wire-grass land, even during 
favorable years, are almost as good as on short-grass land, and during 
dry years much better crops are produced. Wire grass is frequently a 
subclimax stage in the secondary succession in abandoned fields and then 
denotes disturbance rather than type of soil (Fig. 238). 



Iiti. 238. Wire-grass community established as a result of breaking short-grass land, 

Yuma, Colo. {After Shantz.) 


Bunch grass indicates soil of a texture that insures the penetration 
of practically all of the water that falls. Little water is lost directly by 
evaporation from the sandy soil. Crop growth is much less luxuriant 
on this land owing to decreased fertility; the retardation in growth itself 
aids in conserving the water supply. The native plants indicate a long 
season for growth, and, like them, the roots of crops spread widely and 
deeply and plants rarely wilt because of drought. Lands of the bunch- 
grass and wire-grass type are locally known as “corn land.” 

Crop failures occur most often on short-grass land and least often 
on bunch-grass land. During favorable years, yields are highest on the 
former and least on the latter. Wire-grass land represents a safe inter¬ 
mediate condition; during favorable years crops are almost as good as on 
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short-grass land, and during dry years a fair crop can often be produced- 
Many of the older settlers in eastern Colorado have moved from short- 
grass land on to wire-grass land, where there is much less likelihood of 
?rop failure. The newcomer in the region, however, almost invariably 
chooses the hard or short-grass land because it is darker in color and looks 
like the soil he has been accustomed to farm successfully in the east.**®® 

Why a Knowledge of Plant Succession Is Necessary —From the 
preceding it may be seen that in eastern Colorado short-grass vegetation 
indicates a loam soil, wire grass a sandy loam (or an old field), and bunch 
grass a sandy soil. These (correlations do not hold eastward under a 
highc^r rainfall, where the subsoil of even compact loam may become quite 
moist and favorable to the growth of bunch grass. Careful studies must 
be made of various plant communities in relation to their physical environ¬ 
ment before their indicator significance beccimes clear. A knowledge of 
successional sequence is also imperative. When mixed-prairie vegetation 
is plowed under and the area subsequently abandoned for a time, runoff 
is decreased, water penetration increas(^d, and loss by absorption greatly 
reduced. Upon such areas of loam soil, there often dcivelops a thriving 
community of wire grass, th(i wind having brought in the propaguk^s from 
plants perhaps many miles away (Fig. 238). This community pc^rsists 
for a long time but after a period of 20 to 30 years the area returns to the 
mixed-prairie climax. Similarly, when wire-grass land is broken, bunch- 
grass vegetation may temporarily gain possession of the area. If wire 
grass is repeatedly burned, there is a tendency toward the development 
of a pure short-grass cover.®®® 

INDICATORS OF SALINITY 

In large portions of the western half of the United States, rainfall is so 
light that the excess salts of the soil have not been leached away and 
carried to the ocean but have accumulated, especially in lowlands, form¬ 
ing saline spots often of great extent. Such areas are characterized by 
plant communities especially adapted to secure water from strong soil 
solutions. Some species are able to tolerate more salt than others; 
some will not endure it but make a fair growth hi dry, nonsalinc soil. 
Could the prospective settler foretell what types of vegetation indicate 
the presence or absence of salts in quantities likely to be injurious 
to cultivated crops and what types indicate conditions favorable or 
unfavorable to dry farming, it vrould be distinctly advantageous. 

Accordingly, several investigators in the United States Department 
of Agriculture set to work to determine the indicator significance of the 
various plant communities."® An extensive area near Great Salt Lake 
in Utah was selected for this study, since it was representative of Great 
Basin conditions. Some of the soils contained an excess of salts; much 
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of the land was still covered with the original plant communities; but 
enough had been tilled either by methods of dry-land or irrigation farm- 



Ftg. 239.—A close stand of sagebrush {Artcmiaia tridcntata) indicating a deep, porous soil. 

ing to serve as a check. Saline areas are characterized by relatively few 
species which form a very open cover of vegetation. Boundaries betwe^en 
the different communities are, moreover, often very abrupt and distinct. 



Fig. 240.—Shad scale {Atriflex confertifolia), indicating saline soil. 


Sagebrush, which is the most important type of vegetation in the 
Great Basin, makes an excellent growth on the nonalkaline, light-tex- 
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tured, deep, well drained soils of the uplands (Fig. 239). White sage, a 
low-growing gra 3 rish half-shrub, occupies the finer-grained, easily puddled 
soils, where the subsoil is saline. The large, woody, somewhat spiny 
and bushy-topped shad scale occurs on more gravelly soil with a saline 
subsoil (Fig. 240), In certain areas it is accompanied by grease wood, a 
spiny, woody shrub 2 to 5 feet tall and tolerant of considerable salt. On 
lower ground, extensive salt-grass flats give way to even more saline 
areas chara(;terized by saltw^ort and species of similar tolerance of salt. 

After a thorough study of the water content of the soils in each com¬ 
munity together with analyses of their salt content (90 per cent of which 
is NaCl), and an investigation of root distribution, the following indicator 
significance was determined for each (Table 12): 


Table 12.—Soil Conditions and Indicator Siwnipicanck of Plant Communities 


Community 

Soil, water eon ten I, 
etc. 

Salt content 

1 Capable of crop production 

First foot 

i Deeper 

! 

Without 

irrigation 

With 

irrigation 

SaRnbruNh (Artemina 
tridentat€i) 

Light-textured soil, 

low niijofl. Plants 
very deeply rooted 

Noiisaline, 
usually 
dry in 
summer 

■■ 

Nonsaline, 
usually 
dry in late 
summer 

Yok 

Yes 

White flage (Koehia ves- 
tita) 

Finer soil, easily pud¬ 
dled, limits penetra- 
tion of water. 
Plants rooted in sur¬ 
face 1.5 to 2 feet 

Nonsaline, 
usually 
dry in 
summer 

Haline, usu¬ 
ally dry in 
late sum¬ 
mer 

Prenariously 
in wet years 

i 

Yes, if alkali 
can be re¬ 
moved 

Shad Bcale {Atri-piex 
confertifolia) 

More gravelly soil, 
roots 2 to 3 feet deep 

Noiisaliue, 
usually 
d r y i n 
summer 

Baline, usu¬ 
ally dry in 
late sum¬ 
mer 

Precariously, 
more favor¬ 
able than 
Xocliia land 

Yes, after al¬ 
kali is re¬ 
moved 

Greasewood-bhad acale 
(Sarcobatus vermieu- 
latua and Atriplex 
confertifolia) 

Fair water content in 
surface foot, well 
drained in summer. 
Moist below 2 feet. 
Hoots of greasewood 

6 to 7 feet deep 

Saline or 
nonsaline, 
usually 
d r y i n 
summer 

1 

H a 1 i n e , 
moist 

No 

Yes, after al¬ 
kali is re¬ 
moved 

Graaa flats (DintiehliH 
apicata, Sporobolua 
airoidea) 

High water content, 
good even in sum¬ 
mer. Roots shallow 

Moderate¬ 
ly saline, 
moist ‘ 

Moderate¬ 
ly saline, 
moist 

Probably 
not 

Possibly with 
drainage 

Salt flats (iSo/icornta. 
uiahenaia, S. rubra. 
Allenrolfea oedden- 
talia) 

Moist to very wet. 
Plants mostly shal¬ 
low-rooted 

Much salt, 
moist to 
wet 

Saline, 
moist to 
wet 

No 

No 


The salt content in the soils of the several communities decreased from 
2.5 per cent in the salt flats to 6.8 per cent in the greasewood, while the 
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sagebrush soil had only 0.04 per cent. Thus, it may be seen that each 
plant community indicates not only a certain concentration of salt or 
freedom from salinity but also other edaphic conditions upon which the 
success or failure of crop production directly depends. For example, a 
good stand and growth of sagebrush indicate land that is well adapted 
to both dry and irrigation farming; but where the stand is thin and the 
growth poor, the depth of good soil is usually too limited for profitable 
crop production, at least without irrigation. Conversely, greasewood 
indicates land unsuitable for dry farming, but it may be made to produce 
good crops when the excess salt is removed by irrigation and drainage. 
These general principles probably apply, in the main, throughout much 
of the Great Basin. 


INDICATORS OF GRAZING 

In grazing practice, four classes of stock must be considered, viz.^ 
cattle, horses, sheep, and goats.Each has more or less definite prefer¬ 



ences as to the type of veg('tation grazed and each affects the pasture or 
range in a markedly different manner. Cattle and horses prefer grass, 
sheep prefer other herbs and weeds, and goats prefer shrubs or browse” 
(Fig. 241). Thus, a uniform community of grass indicates grazing for 
cattle and horses; one of nongrassy herbs, grazing for sheep; while browse 
indicates pasture land for goats. Ecotones between chaparral and grass¬ 
land or desert scrub and grassland indicate mixed grazing where various 
types of stock may profitably be handled together. In fact, this is often 
true of various grassland areas, most of which have an abundance of 
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nongrassy herbs. Montane savanna of ponderosa pine and various 
woodland communities of the same type are also indicators of grazing. 
So, too, are the meadows, parks, and areas of aspen in subalpine forest. 
Many potential grazing lands give a greater economic return when used 
for crop production. Such are the true prairie and much of the mixed 
prairie with its short-grass disclimax, and often only the poorer areas 
with a scantier growth of vegetation are left for grazing. 

INDICATORS OF OVERGRAZING 

The highest grazing efficiency consists in producing the largest amount 
of forage from a pasture or range each year. Experiments have shown 
that the removal of the herbage several times ea(!h growing season, espe¬ 
cially if the first harvest is made a short time after the beginning of growth 
in spring, seriously weakens the plants and immediately decreases their 
forage production. Vigorous plants that have not been weakened by 
overgrazing produce a large yield of forage and a viable seed crop which 
matures fairly early. Plants seriously weakened by overgrazing produce 
but little forage and usually fail to develop any seecl.^®* Grazing a pasture 
to its maximum capacity year after year invariably results in a sharp 
decline in its carrying capacity, i.e.y the number of stock it can support. 
Until a study of indicators of overgrazing was made, judgment as to the 
condition of the pasture was based on general observations, such as the 
abundaiu'e and luxuriance of the plant cover as a whole and the condition 
of the grazing animals. Unfortunately, until the plant cover had been 
greatly disturbed or a large proportion of the more valuable species 
a(!tually killed, deterioration was not recognized. When this stage of 
depletion has been reached, many seasons of proper management are 
required to reestablish the original forage cover. 

Overgrazing results in definite modifications of grassland, as has been 
clearly recognized. Before the ranges were overgrazed, the grasses 
of the red prairies of Texas were largely bluestems {Andropogon), often as 
high as a horse’s back. After pasturing and subsequent to the trampling 
and hardening of the soil, the wire grasses {Aristida) spread over the 
whole country. After further overstocking and trampling, the wire 
grasses were driven out and mesquite grass {Hilaria) and buffalo grass 
{Buchloe) became the most prominent species. The occurrence of any 
one of these as the dominant is, to some extent, an index of the state 
of the land and of the stage of overstocking and deterioration that has 
been reached.®®® 

When the enormous herds of buffaloes roamed the prairies of eastern 
Kansas and Nebraska, tall and mid grasses were closely eaten and much 
trampled. The prairies, moreover, were repeatedly burned. Burning 
and trampling were distinctly more favorable to the short buffalo and 
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grama grasses than to their taller competitors. The westward iriovement 
of the buffalo and their decrease in numbers coincided with the incoming 
of the settlers and the decrease in prairie fires. This resulted in renewed 
growth of the taller grasses and the gradual shading out of the buffalo 
and grama grasses. It explains the belief of the pioneers that the blue- 
stems {Andropogon) followed in the wake of the settlers and drove out the 
buffalo grass. 

Degree of Overgrazing.—The degree of overgrazing is shown by two 
types of indicators—^those due primarily to the fact that they are not 
eaten, and those that invade because of disturbance. The more palatable 
species are eaten down, thus rendering the uneaten ones more conspicu¬ 
ous. This quickly throws the advantage in compe,tition to the side of 
the latter. Because of more water and light, their growth is greatly 
increased. They are enabled to store more food in their propagative 
organs as well as to produce more seed. The grazed species are corre¬ 
spondingly handicapped in all these respects by the increase of less palat¬ 
able species and the grasses are further weakened by trampling as stock 
wanders about in search of food. Soon bare spots appear that are colo¬ 
nized by weeds or weedlike species. The weeds reproduce vigorously 
and sooner or later come to occupy most of the space between the frag¬ 
ments of tlie original vegetation. Before this condition is reached, usu¬ 
ally the stock are forced to eat the less palatable species, and these begin 
to yield to the competition of annuals. If grazing is sufficiently severe, 
these, too, may disappear unless they are woody, wholly unpalatable, or 
protected by spines. 

Signs of Overgrazing.—There are several conspicuous signs of over- 
grazing, some or all of which may be observed in many pastures, for 
overgrazing or trampling for a period will produce indicators that may 
readily be recognized. Obviously, these indicators are not the same in all 
parts of the United States, but once the underlying principles of over- 
grazing are comprehended, a little study will reveal them anywhere 
(Fig. 242). 

The predominance of annual weeds and short-lived, unpalatable 
perennials indicates severe overgrazing and characterizes pastures in 
advanced stages of depletion. Prominent among these are knotgrass 
(Polygonum) y Iambus-quarters (Chenopodium), tansy mustard (Sophia) y 
annual brome grasses (Bromus tectoruMy B. hordeaceus), peppergrass 
(Lepidium)y squirreltail (Hordeum jubatum)y etc. Characteristic species 
representing a less pronounced degree of overgrazing are gumweed (Grin^ 
delta), yarrow (Achillea), ironweed (Vemonia), vervain (Verbena), thistle 
(Carduus), goldenrod (Solidago), abundance of cactus (OpurUia), etc. 
(Fig. 243). Early indicators of range deterioration are a decrease in 
abundance of the more valuable species of grasses, such as needle grasses 
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(Stipa) and wheat grasses (Agropyron) in prairie; an increase in the less 
valuable ones, e.g., wire grass {Aristida), accompanied by an mcrease in 
the short grasses {Bovieloua, Buchloe) where they are associated with the 



242.—Overgrazed range in western Nebraska indicated by the abundance of cactus 

(Ojnintia ). 



Fig. 243.—Gumweod {GHndelia) and ironweed (Femonia) in an overgrazed pasture. 

taller ones. This is followed or accompanied by a marked increase in 
vigor and abundance of societies, such as sages {Artemisia), goldenrods 
{Solidago), asters, etc. 
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Thus, the species that are increasing on an area reveal one of two 
tilings. If they represent stages earlier in the successional development 
than that of the predominating vegetation when the range is at its highest 
efficiency, the area is being misused and its carrying capacity is decreas¬ 
ing. If, on the contrary, the species that are increasing are those of the 
climax stage or at least higher than the original vegetation as a whole, the 
plan of grazing is satisfactory. In the former case, proper remedial 
measures such as reducing the number of stock, deferring grazing until 
the more important species have produced flower stalks and seeded, etc., 
will initiate a succession that will again culminate in the climax vegeta¬ 
tion. la humid climates, especially, this may often be hastened by 
artificial seeding. 

Other signs of overgrazing, especially in forest and scrub, consist of 
damage to tree reproduction, e.g., ponderosa pine, aspen, etc.; remnants of 
dead shoots of palatable w’oody plants such as coralberry {Symphoricar- 
7 >o.s), serviceberry (Arnelanchier)^ w^illow {Salix)^ etc.; and, everywhere 
in general, erosion, roots of vegetation exposed by trampling, bare soil, 
and deeply cut trails where formerly the cover of vegetation was intact. 

To Study the Degree of Overgrazing. —^Visit a number of pastures and make a 
careful examination for indicators of overgrazing. Compare the vegetation about 
gates, watering troughs, or shade trees where the animals collect and trample the 
grasses with that of the pasture generally. Try to determine the past history of the 
pasture and, if possible, tlie original type of vegetation. Do the different pastures 
show the same degree of overgrazing? What are the most important indicators of 
disturbance? Are the indicators different in pastures for cattle or horses and sheep 
or hogs? Which shows tiu* gr«iatest disturbance and why? What remedial measures 
would you suggest? 


INDICATORS OF FOREST 

Forest indicators are of three chief types, viz.^ those that have to 
do with existing forests, those that indicate former forests, and those that 
indicate the possibility of establishing new forests. Obviously, every 
forest (dimax indicates a forest climate although of different quality. 
The deciduous forest indicates one with long, hot summers and moder¬ 
ately cold winters with an abundance of both summer and winter 
precipitation. The three Rocky Mountain climaxes, viz., woodland 
(Ptnus~Juniperus)j montane {Pinus-Pseudotsuga), and subalpine forest 
(Picea-Abies) indicate climates with a progressive increase in rainfall 
and corresponding decrease in temperature and length of growing season. 
The forest formation that is the climax for a region indicates the type of 
forest that will naturally develop or redevelop in all bare or cleared areas. 
The various groupings of species and the differences in density and growth 
of dominants and subdoiiiinants serve to denote differences in edaphic 
conditions and minor changes in the factor complex.®^ Serai com- 
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nuinities likewise indicate differences in edaphic conditions or habitats. 
They often indicate the nature of the original area (whether wet or dry) 
or the nature of the disturbance (such as fire, "wind throw, lumbering, etc.) 
and the particular stage in the development of the succession. 

Indicators of Former Forests. —Such indicators are either actual 
relicts of the forest itself or serai communities that mark particular stages 
of succession toward reforestation. Brush or scrub are characteristic 
indicators of fire in forest regions. Aspen (Populus tremuloides) and 
birch {Betula) are typical indicators of fire in forest communities through¬ 
out boreal North America as well as in many mountainous regions. This 
is due to their ability to form root sprouts, and the trees often occur in 



Fics. 244.—Reproduction of linden or basswood {Tilia americana) by sprouts after cutting. 


groups as a consequence (Fig. 244). Among certain species of pines, 
the cones remain closed upon the branches for many years but open 
readily after fire, thus furnishing a large number of seeds for immediate 
germination. Three important species of this type occur in western 
North America, viz., lodgepole pine (Pinus corUorta murrayana) , jack 
pine (P. banksiana)y and knobcone pine (P. tvberciUata). These are all 
typical indicators of bums and form subclimaxes of great extent and 
duration in areas frequently swept by fire. 

After the forest cover has disappeared because of fire, lumbering, lack 
of reproduction due to overgrazing, or other factors, the area Is freed 
from the competition of climax species and conditions made favorable 
to the growth of many subdominants. As a result of excessive seed 
production, the ability to produce root sprouts, or the opening of cones 
by fire, these rapidly and often completely occupy the ground. Fires 
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of recent occurrence are indicated by an abundant growth of liverworts 
and mosses such as Marchardia, Funariay and Bryuniy which frequently 
cover the soil, and by characteristic annuals and perennials as hair grass 
(Agrostis hiemalis), fireweed {Epilobium angustifolium), everlasting 
(Anaphalis margaritacea)y thistles (Carduus), milfoil {Achillea)y bracken 
{Pieris aquilina), and other species wi^ wind-blown propagules. Burns of 
greater age are characterized by various shrubs that have developed from 
root sprouts. Rasjiberry (Ruhus strigosus) , hazelnut {Corylus americana ), 
and huckleberry (Vacdnium macrophyllum) are characteristic species. 
The number and distinctness of these serai communities and their 
duration depend chiefly upon the severity of the V)urn. In tlie western 
forests, the shrubs are normally replaced by aspen, birch, or alder, wliich 
later give way to subclimax or climax forest. In the cedar-hemlock 
forests of the Pacific northwest, Douglas fir, the most valuable of lumber 
trees, forms a remarkably permanent subclimax over an enormous extent 
due to repeated burns. 

Such serai communities not only indicate the possibility of reforesta¬ 
tion, but they also make it clear that artificial means, such as periodic 
removal of the forest, must be resorted to where it is desirable to maintain 
the subclimax as a relatively permanent type. 

Planting Indicators.—Indicators of sites for planting are of two 
kinds, viz.y those that indicate the former presence of a forest, and 
those that suggest the possibility of developing forest in grassland or 
scrub areas. These are indicators of reforestation and afforestation, 
respectively. 

The obvious indicators of reforestation are relict survivors, or trunks 
and stumps. Charred fragments of wood or pieces of charcoal in the 
soil are less obvious but equally conclusive. Where there is no direct 
evidence of the original forests, indirect evidence is often furnished by 
indicator communities which bear a direct relation to forest. Siudi are 
serai and subclimax communities that show a successional relation to the 
forest climax and societies of shrubs or herbs which formed layers in them. 
Thus, areas of coralberry {Symphoricarpos) or prickly ash {Zanthoxylum) 
with societies of Solomon's-seal (PolygoncUum) y bloodroot (Sanguinaria) y 
and similar mesophytic herbs indicate former forest lands. 

Indicators of afforestation are either savanna, i.e.y isolated trees or 
clumps of trees in grassland, chaparral, or tail-grass prairie in which the 
water requirements are very near those of trees. 

The indicators of sites for planting or sowing serve also to indicate the 
preferred species. In reforestation, for example, the general rule is to 
employ the species of climax trees that were in possession, unless reasons 
of management may make it desirable to employ a subclimax dominant. 
Species somewhere in contact with grassland or scrub give the clue to the 
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selection of those best adapted for afforestation. Thus, ponderosa pine 
from the foothills has been successfully grown in the grass-covered sand 
hills of Nebraska and is also one of the best species for planting in loam 
soils. « 

Where the virgin timber has nearly or altogether disappeared, as a 
result both of severe burns and of grazing, and has been replaced by 
shrubs, herbaceous vegetation, and wide stretches of aspen extending 
over an area originally occupied by several forest types, the question of 
deciding what species to plant on a given site becomes very difficult. 
But even in such cases a study of the existing vegetation furnishes the 
most valuable guide, as has been repeatedly demonstrated in forest 
practice. 

Thus far, practical afforestation has been confined chiefly to the 
sand hills of Nebraska and Kansas, although conditions for afforestation 
have been carefully studied in the Great Basin. In Nebraska, where 
afforestation has been successful, four indicators of its possibility are 
present.®®^ These consist of valley and canyon relicts of woodland (both 
deciduous and evergreen); a savanna-like growth in contiguous uplands 
(principally of ponderosa pine); shrubs that show a close approach to 
the water requirement of trees (m., sand cherry, willow, hackberry, wild 
plum); and tall grasses, (Andropogorij etc.) indicating similar water rela¬ 
tions. In Kansas, where afforestation failed, these indicators were largely 
lacking. 

LAND CLASSIFICATION 

The classification of land is an endeavor to forecast the typc^ of utiliza¬ 
tion that will yield adequate or maximum returns.®^^ The natural plant 
cover is a result of all the growing conditions where it is produced. It Ls 
an index or measure of the factors influencing its growth and serves as 
an indicator of the possibilities of producing other plants on the land. 
Consequently, it is invaluable in classifying lands in regard to their suit¬ 
ability for agriculture, grazing, or forestry. If agriculture is possible, 
indicators may be used to denote the greater feasibility of humid, dry, or 
irrigation farming or the importance of combining grazing with dry farm¬ 
ing. Where grazing is concerned, the type of vegetation determines 
whether cattle, sheep, or goats are preferable or a combination of two 
or three. Similarly, the vegetation may be employed to determine the 
possibility of afforestation or reforestation as well as the most promising 
dominants for any particular region. 

During the last 30 or 40 years, a large number of the homesteads taken 
have proved failures, and the percentage of failures will steadily 
increase as still less promising regions are entered, unless adequate knowl¬ 
edge of the potentialities of the lands is to be had. Consequently, al} the 
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principal t3rpes of vegetation occurring on the unreserved public lands and 
the patented homestead lands west of the one hundredth meridian have 
been classified with special reference to their suitability for grain farming, 
forage production, or grazing.« The relative carrying capacity of the 
different types of grazing lands has, moreover, been determined. A total 
of 102 types of vegetation are used as illustrated by the following:^® 

Sagebrush {Artemisia tridentata ).—The sagebrush type consists of a miniature 
forest or scattered brushland of sagebrush. Plants vary in height from 1 to 7 feet. 
This is the most common shrub throughout the Great Basin, growing in well drained 
loamy soils. The height and abundance of plants are governed by the depth, quality, 
and moisture content of the soil. A dense stand of tall sagebrush is indicative of very 



Fig. 245.—Mesquite (Prosopis), a leguminous tree growing in Arizona and the arid 

southwest. 

favorable possibilities for the production of small grains without irrigation. It 
represents the best type of land in the Great Basin for farming, either arid or by 
irrigation. This type is grazed by stock, mainly sheep, during fall and winter when 
little or no herbaceous feed is available. 

Mesquite (Prosopis ).—Areas supporting little or no vegetative growth other 
than mesquite are classified in this type (Fig. 245). This shrub varies in size from 
only a few feet to trees 30 feet high. It occupies a large acreage in southern New 
Mexico and Arizona and has considerable economic value for the stock feed supplied 
from the leaves and beans. The roots and the thicker stems also supply considerable 
fuel. It is very common in deep fertile soil along drainage channels where subirriga¬ 
tion is usually received. The better types of this land are capable of producing for¬ 
age crops such as sorghums, com, and millet, during very favorable years. It has 
a carrying capacity of 5 to 15 head of cattle per section. 

Creosote Bush (Larrea) and Cacti (Opuntia spp.).—This type grows in rather 
broken or rocky areas in southern New Mexico and the desert regions of Arizona, 
southern Nevada, and southeastern California. It is made up of a scattered growth 
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of creosote bush and an abundance of cacti, especially the barrel cactus which varies in 
diameter from 1 to 1.5 feet, and in height from 2 to 4 feet, and the round-stemmed 
opuntias, especially the dense spiny Opuntia spinomr. It is nonagricultural unless 
irrigated and of little or no value for grazing except over the large areas where it has 
invaded desert plains grassland. 

Similar classifications, perhaps refined by quantitative methods and 
increasing experience, must sooner or later be used in all new regions 
of the world where maximum economic returns are desired. 



CHAPTER XVIII 


CLIMAX FORMATIONS OF NORTH AMERICA 

Nature of Climaxes. —^An airplane view of the continent of North 
America would reveal the fact that it is covered with three great types 
of vegetation, viz., forest, scrub, and grassland. A closer scrutiny 
would disclose that these are themselves composed of strikingly different 
communities, such as evergreen and deciduous forest, which are found in 
climates equally different. The.se units, of vast extent and great permar 
nence, are termed climaxes or formations; they are the product of climate 
and, hence, are contrcjlled by it. Each formation is the highest type of 
vegetation possible under its particular climate, and this relation makes 
the term climax especially significant, as it is derived from the same root as 
climate. The formation and climax are identical, and, hence, the same 
great community may be termed a formation, a climax or, for the sake 
of emphasis, a climax formation. 

Each climax owes its characteristic appearance to the species or 
dominants that control it. These dominants exhibit the same vegetation 
or life form—tree, shrub, or grass, as the case may bt—and thus serve to 
give to the climax the imprint of its climate. The dominants all belong 
to the highest type of life form possible under the prevailing climate; in 
forest they are all trees of the same tsrpe, in gra.ssland all grasses or sedges, 
and so forth. It is ncce.s.sary, however, to distinguish plants that are 
merely conspicuous or abundant from those that are actually dominant. 
This is particularly true of the various savanna communities, in which 
the trees and shrubs are much more conspicuous than the grasses, but 
the latter are in actual control of the habitat. In the true and mixed 
prairies, the dominant grasses are often more or less concealed during the 
growing season by tall forbs, such as Erigeron, Psoralen, and Solidago. 
These are termed subdominants and constitute seasonal societies subject, 
in large measure, to the control of the grasses. 

Animals also play an important part in the climax and are intrinsic 
members of the community along with the plants. They are not domi¬ 
nants, since they are not directly responsive to the climate in the way 
that plants are and they exert little or no controlling reaction upon the 
habitat. Their presence and abundance are determined, in the first 
instance, by the plant dominants, and, like the forbs, animals could be 
regarded as subdominants. For a number of reasons, it is more con¬ 
venient to employ a distinct term and call them influents in reference 
' 478 
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to their abundance and corresponding importance. Their significance 
and role in the climax are likewise determined by the life form, which 
finds its primary expression in the food relations or coactions. 

Before the advent of civilized man, nearly the whole area of each 
climax was occupied by the dominant species. The exceptions were the 
numerous but relatively small and scattered portions in which succession 
was taking place in primary areas of water, dune sand, or rock. With 
the opening of the historical period came a great increase in the destruc¬ 
tion of natural communities by fire, lumbering, and clearing for cultiva¬ 
tion. Such effecits stand in the closest relation to the period of settlement 
and the intensity of human coactions, and they have led to the all but 
complete disappearance of the climax in regions long cultivated. Never¬ 
theless, all areas within the sweep of climate and climax, whether bare or 
denuded by man, are marked by a more or less evident successional move¬ 
ment of communities and, hence, belong to the climax in terms of its 
develooment. In consequence, each climax consists not merely of the 
stable portions that represent its original mass but also of all successional 
areas, regardless of the kind or stage of development. 

Tests of a Climax.—Each climax is the direct expression of its climate; 
the climate is the cause, the climax the effect, which, in its turn, reacts 
upon the climate. So intimate is this relation that the climax must be 
regarded as the final test of a climate rather than’human response or 
physical measurements. Climates arc to be recognized and delimited by 
means of their climaxes and not the reverse, not merely on account of the 
cause-and-effect relation but also by virtue of the fact that the effect is 
much more visible and less variable than the cause. No matter how 
complete his equipment of meteorological instruments, the ecologist 
must subordinate such measures of climate to the judgment of the plant 
community, if his results are to be both accurate and usable. The para¬ 
mount importance of formations and associations in indicating climates 
makes their objective recognition of the first importance, and for this 
purpose a number of guiding principles have been established. 

The first criterion is that all the climax dominants must belong to the 
same major life form, since this indicates a similar response to climate 
and, hence, a long association with each other. Neither forbs nor woody 
plants are to be considered as dominants in grassland, nor are evergreen 
trees proper dominants of deciduous forest. The second principle is 
that one or more of the dominant species must range well throughout the 
formation or occur in the various associations to some degree. This is 
exemplified in the prairie climax by Stipa comata, Bouteloua gracilis^ and 
Agropyron smithii and in the deciduous forest by Quercua borealis and 
Q. rnacrocarpa. The third criterion is that a large number and usually the 
majority of the dominant genera extend throughout the formation, 
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though represented by different species. This is true of Stipa, BouielovxL, 
Andropogon, AgropyroUj Poa, and Sporobolus in the grassland, and of 
QuercuSf Cary a, Acer^ Tilia, and Betula in the deciduous forest and of 
Pinus, Picca, and Abies in the coniferous forests. 

A fourth principle is derived from the degree of equivalence exhibited 
by the dominants of two contiguous associations where they meet in the 
ecotone between the two. The existence of such a transition area over 
a wide stretch indicates that the dominants are sufficiently alike to belong 
in the same formation but dissimilar enough to characterize different 
associations. A fifth deals with the relation of the various associations 
to proclimaxes or proclimax species.* Thus, in the grassland climax, the 
several species of Andropogon are postclimax to four of the associations, 
and occasional relicts suggest that they were formerly in the case of the 
other two. Ulmus, Fraxinus, and Juglans bear a similar relation to the 
three associations of the deciduous forest. This principle applies likewise 
to relict areas of adjacent formations, such as the preclimaxes and post¬ 
climaxes discussed in an earlier chapter. The sixth criterion arises out of 
the evolution and relationship of formations and the phylogenetic com¬ 
parison of similar formations in the two hemispheres. As in the case of 
genera and species, formations have arisen from the modification of 
earlier ones, just as associations have been produced by the differentia¬ 
tion of formations under the compulsion of climatic changes. In fact, 
it is most probable that the modifying action of climatic cycles has been 
exerted simultaneously upon both community and species. 

Classification. —The formations of a continent may be grouped in 
several ways in accordance with the emphasis placed upon the various 
criteria. Perhaps the simplest classification is that based upon geo¬ 
graphic position, which necessarily reflects climatic relations to some 
degree. The most definite is probably the grouping, upon the basis of 
life form, into forest, scrub, and grassland. The causal relation is best 
shown when climate is fully taken into account, but this leads to the 
difficulty found in the fact that the climaxes are themselves the best 
indicators of climate. The most fundamental and, hence, the most 
natural classification is grounded upon evolution and relationship, as in 
the case of species and genera. This, furthermore, possesses the great 
advantage of including the other criteria to the extent that they are 
important and thus leads to a natural system that is both comprehensive 
and objective. It is evident that such a classification depends upon 
thoroughgoing investigation in the field, of both the intensive and exten- 

* Proclimax is a general term which includes all the communities that simulate 
the climax to some extent in terms of stability or permanence, but lack the proper 
sanction of the existing climate. It thus includes subclimax, preclimax, and post¬ 
climax, as well as disclimax (p. 82).^** 
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sive kind, and that it must ultimately deal with more than one continent. 
The following grouping makes use of life form and climate for the primary 
divisions, but the arrangement of climaxes within these is as natural as 
the consideration of a single continent permits. 

LIST OF FORMATIONS AND ASSOCIATIONS 

Paqb 

Tundra Climax: 

Tundra: Carex-Poa Formation . 482 

1. Arctic tundra: Carex-Cladonia aBsociation. 483 

2. Petran tundra: Carex-Poa aBsociation. 48t5 

3. Sierran tundra: Carex-Agrostis association.. 486 

Forest Climaxes: 

Boreal Forest: Picect-Larix Formation . 487 

1. Spruce-larch forest: Picea-Larix association. 489 

a. Birch-aspen suhclimax: Bctula-Populiis associes. 491 

2. Spruce-pine forest: Picea-Pinus association. 491 

Subalpine Forest: Picea-Ahies Formation . 492 

1. Petran subalpine forest: Picea-Abies association. 494 

a. liodgepole subcliitiax: Pinus conaocics. 495 

2. Sierran subalpine forest: Pinus-Tsuga association. 495 

Lake Forest: Pinus-Tsuga Formation . 496 

1. Pine-hemlock forest: Pinus-Tsuga association. 497 

a. Jack pine subclimax: Pinus consocies. 499 

Coast Forest: Thuja-Tsuga Formation . 500 

1. Cedar-hemlock forest: Thiija-Tsuga association. 301 

o. Douglas fir subcliinax: Pscudotsuga consocies. 501 

2. Larch-pine forest: Larix-Pinus association. 503 

Montane Forest: Pinus-Pseudotsuga Formation . 504 

1. Petran montane forest: Pinus-Pseudotsuga association. 505 

2. Sierran montane forest: Pinus-Abies association. 507 

Deciduous Forest: Quercus-Fa^us Formation . 508 

1. Maple-beech forest: Acer-Fagus association. 510 

2. Oak-chestnut forest: Quercus-Castanea association. 512 

3. Oak-hickory forest: Quercus-Carya association. 514 

a. Pine subclimax: Pinus associes. 511 

Grassland Climax: 

Prairie: Stipa-Bouteloua Formation . 516 

1. True prairie: Stipa-Sporobolus association. 518 

a. Tail-grass prairie: Aiidropogoii associes. 520 

2. Coastal prairie: Stipa-Andropogon association. 521 

3. Mixed prairie: Stipa-Bouteloua association. 523 

a. Short-grass disclirnax: Buchloe-Bouteloua associes. 524 

4. Desert plains: Aristida-Bouteloua association. 525 

5. Pacific prairie: Stipa-Poa association. 526 

6. Palouse prairie: Agropyron-Festuca association. 528 

Woodland Climax: 

Woodland: Pinus-Juniperus Formation . 529 

1. Pinon-juniper woodland: Pin us-Juniperus association. . 530 

2. Oak-juniper woodland: Quercus-Junipenis association..,. 530 

3. Pine-oak woodland: PinusrQuercus association.. -.., 630 
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Scru^b Climaxes: 

Chaparral: Quercu»-Ceanothua Formation . 531 

1. Petran chaparral; Cercocarpus-Quercus association. 532 

« a. Oak-siimac subclimax: Quercus-Rhus associes. 532 

2. Coastal chaparral: Adenostoma-Ceanothus association. 532 

Sagebrush: Atriplex-Artemisia Formation . 533 

1. Basin sagebrush: Atriplex-Artemisia association. 534 

2. Coastal sagebnish: Salvia-Artemisia association. 535 

Desert Scrub: Larrea-Franseria Formation . 535 

1. Desert scrub; Larrea-Franseria association. . 536 

а. Bronze scrub: Larrea-Flourensia associes. 536 

б. Mesquite; Acacia-Prosopis associes. . 537 

c. Sotol: Agave-Dasylirion associes. 537 

d. Thorn scrub: Cereus-Fouquicra associes. 537 

Tropical Climaxes. 


TUNDRA CLIMAX 
The Tundra 

Extent and Nature. —The tundra stretches from the Atlantic to the 
Pacific Ocean, occupying the broad zone between the tree limit and the 
region of perpetual snow about the north pole. The main body reaches 
farthest south as narrow belts along cold bodies of water such as Hudso-n 
Bay and the Labrador Current, but as alpine tundra this climax occurs on 
high mountains southward into Mexico and reappears with its composition 
much modified on the Andes of South America. Throughout this vast 
range it is characterized by the grass life form, together with a host of 
perennial forbs belonging largely to the same genera of northern origin. 
In consequence of low temperatures, short seasons, and drying winds, the 
plants are typically dwarfed, the dense sward often rising but a few inches 
above the level of the soil. The season is short, often lasting but 2 
months, and frost or freezing may occur at any time during the growing 
period, especially at night. The precipitation varies greatly, being high¬ 
est in coastal regions, but evaporation and wind movement are marked, 
and the water content correspondingly decisive. The light relations are 
unique, both in the arctic where day and night divide the year, and on 
alpine summits where the blue and ultra\dolet rays are stronger than 
at low altitudes. 

Practically throughout the Northern Hemisphere, the tundra lies in 
contact with a boreal or subalpine forest of fir, spruce, and their associates. 
The component species naturally differ from Europe and Asia to Arctic 
America and to the Cordilleras of the United States and Mexico, much as 
they do in the tundra climax itself. The latter, however, lives under 
uniform and rigorous conditions, and, in consequence, an exceptionally 
large number of species occur more or less throughout it. The tundra of 
northern Europe and Siberia is remarkably like that of North America 
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and it is only between arctic and alpine tundra that considerable dif¬ 
ferences are found. In the present knowledge of this vegetation, two 
formations can be distinguished, one Eurasian, the other American, and 
both of these can be further divided into arc.tic and alpine associations. 

The alpine areas represent relict communities that were left behind 
as the main mass of the tundra retreated in the wake of melting glaciers. 
The three great mountain systems of the continent furnished a haven for 
arctic species to a degree determined chiefly by elevation and extent. In 
the east, they persisted only on a few isolated peaks such as Mount 
Washington and Mount Katahdin, which lie only a few hundred miles 
south of the present limits of arctic tundra. In the Sierra Nevada, alpine 
tundra occurs a thousand miles southward of the arctic, while in the main 
Cordilleras it reaches 2,000 miles into the Sierra Madre of Mexico. As a 
consequence, it has been found desirable to recognize three associations, 
viz.: (1) Arctic tundra, which may well include the alpine communities 
of New England; (2) Petran tundra, found in thf" Rocky Mountains; and 
(3) Sierran tundra, confined to the Sierra Nevada and Cascade Mountains. 

Arctic X4adra.—As already indicated, this constitutes the great mass 
of the' ttindra climax and, with the exception of the small rear guards in 
New England, is confined chiefly to the arctic regions. It follows the 
coast as a solid and usually broad band from the Alaskan peninsula to 
Newfoundland, covering the islands of the Arctic archipelago but only the 
coastal fringe of Greenland. It occupies the mountain ranges and 
elevated plateaus of the interior, where it is much interrupted by the 
boreal forest®^® (Frontispiece). 

The tundra climax consists chiefly of four communities, the succes- 
sional relations of which are little understood as yet. It seems probable 
that the climax proper is represented by an association of sedges, grasses, 
and forbs, much interrupted by proclimaxes and forming various mixtures 
with them (Fig. 246). The cotton-grass bogs are to be regarded as the 
subclimax of the hydrosere, the heath moors probably as postclimax, and 
the lichen-moss tundra as the subclimax of the xerosere or as a precli¬ 
max. The dominants of the climax association are various species of 
Carex^ such as rigida, ruTpestris^ incurvaj etc., Luzula spicata andL. nivalis^ 
and a large number of grasses, viz., Agrostis, Aira, Alopecwnis, Arcta^ 
grostisj CalamcLgrostis, Danthonia, Festuca, Phleum^ Poa, and Trisetum. 
The moister or more open climax areas, as well as the subclimax ones, are 
brightened by a host of perennial forbs, which are much reduced in 
number where the competition of the sedges and grasses is severe. 
These subdominants occur mostly in mixed societies, which characterize 
two aspects, one early in July and the other in late July and Augusts 
The genera of chief importance are the following: Anemone, Caltha, 
Ranunculus, Dryas, Oeum, PoientiUa, Astragalus, Lupinus, Saxi/raga, 
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PapaveVy Draba, Cerastium^ Lychnis^ Silene^ Andro&ace, Dodecatheon, 
PHrmila^ Oxyria, Gentiana, Polemoniunij Myosotis^ Castilleja, PediculariSj 
Achillea, Arnica, Artemisia, Senecio, and Lloydia, All of these appear 
also as subdominants in the alpine tundra, though the number of species 
in some genera is reduced. 

The submerged stage of the hydrosere is represented chiefly by 
Hippuris vulgaris. Ranunculus purshii, and Sphagnum fuscum, and the 
amphibious one by Caliha palustris radicans, Ranunculus pallasi, Carda- 
mine pratensis, Eriophorum scheuchzeri, Equisetum variegatum, and many 
species of Carex. The drier swamps contain Senecio palustris, Pedicularis 
sudetica, Polygonum historta, Potentilla palustris, Saxifraga hirculus, etc., 
together with other species of Carex and Eriophorum. The pioneers on 



Fio. 246.—Arctic tundra near the Arctic Circle, altitude 2,800 ft., north of FairbanlcH, 
Alaska. {Photograph by R. W. Chaney.) 

sand dunes are Elymus arenarius, Artemisia comata, Epilohium latifo- 
lium, Helianthus peploides, etc., while Mertensia maritima, Cerastium 
alpinum, Polemonium boreale, Alopecurus alpinus, and others grow on 
the more stable beach. The transition to the tundra is effected by 
Festuca ovina, Luzula nivalis, Oxyria digyna, Papaver nudicaule, Draha, 
Senecio, Dryas, Primula, and many species of Saxifraga. 

The postclimax of heaths and of willows and birches, often much 
mixed, occurs on rich, moist soils or on protected slopes and in valleys; 
the heath moor, in particular, often represents a late stage of the Sphag¬ 
num bog. The dominants are Cassiope tetragone, Empetrum nigrum, 
Andromeda polifolia, Arctostaphylos alpina, Ledum palustre, Rhododen¬ 
dron lapponicum, Rubus chamaemorus, Loiseleuria procumbens, Alnus 
sinuaia, several species of Vaccinium and Betula, and many of Salix. 
The preclimax of mosses and lichens consists principally of species of 
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Sphagnum^ Dicranum, and Polytrichum and of StereocauUm, Akdoria, 
Cetrariaj and Cladonia. The latter exhibits by far the greatest number of 
species, the largest life forms, and greatest abundance, the dominant 
species of the first importance being Cladonia silvaiica and C. rangiferina. 
The lichen carpet attains an average height of 4 to 5 and a maximum of 
10 inches and under such conditions simulates a climax more or less 
closely. 

Petran Tundra. —The alpine tundra of the Rocky Mountains finds its 
best expression between 11,000 and 14,000 feet, though it is progressively 
lower to the northward and is also depressed by streamways and lake 
basins. The northern limit is in west-central Alberta, where it comes in 
contact with Sierran tundra, and the southern on the high peaks of 
New Mexico and northern Arizona. The general western limit is in 
Utah and Idaho, though relicts of this community are also to be found in 
the mountain ranges of Nevada. Much the largest part of the association 
is found in the extensive alpine zone of Colorado, but considerable areas 
occur in New Mexico, Utah, and Wyoming. At its lower edge the 
alpine tundra lies in contact with the subalpine forest, while above it 
reaches to the summit of the highest peaks (14,500 feet), though greatly 
reduced in species and dominance. 

The number of dominants in this association is very large, though the 
leading role is assumed by a relatively small group. The typically 
(dimax condition is constituted by the sod-forming or densely bunched 
sedges, especially Elyna hellardi, Carex rupestris, C. filifoliaj C. pyrenaica, 
C. nigricans. C. nardina, etc. The grasses are of less importance, though 
they play a considerable part but more particularly in the subclimax 
communities. Poa exceeds all others in the number of species, but Agros- 
tiSy Airay Danthoniay Festucay Phteum, Triseiumy and the grasslike Luzula 
are represented by one or more species of distinct significance. All of 
the genera and many of the species are likewise present in the arctic 
tundra (Fig. 247). 

The number of subdominant forbs is very large, and, for the most 
part, they constitute mixed societies of several species. These mark 
three more or less well defined aspects, viz.y early, middle, and late 
summer. A large number of the species are endemic, while of a total 
of about 90, a third occur in the Sierran tundra also, another third in 
the arctic, and the same number in Eurasia. This uniformity in distribu¬ 
tion is largely a coincidence, for the species are not the same throughout. 
The genera are, however, practically identical for the circumpolar region 
and the two mountain systems, the endemic species of the latter, as a 
rule, being recent and direct descendants of those of wide distribution. 

In accordance with the rule, alpine societies are best developed in 
subclimax or disturbed areas, in which the control of the dominant sedges 
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and grasses is not yet complete. In the ultimate consociation of Elyria 
bellardiy for example, the dominance of this sedge is so complete as prac¬ 
tically to exclude all but a few individuals of the forbs that thrive in the 
more open communities of Carex rupestris and the grasses. The vernal 
aspect rules through late June and early July and consists chiefly of 
Primula angustifolia, Androsace chamaejasme^ Eritrichium argenteumj and 
CaUha Uptosepala, often with several species of Ranunculus, Draba, 
Trifolium, Thalictrum alpinum, and Besseya alpina. The summer aspect 



Fia. 247.— Polygonum, Geum, a.nd Polcmonium in alpine tundra, altitude 12,000 feet, Rocky 

Mountain Park, Colo. 

prevails during most of July and early August and is characterized 
by a larger number of species of somewhat taller stature. Chief among 
these are Geum turbinatum, A ctinella grandijlora, Meriensia alpina, Polyg¬ 
onum bistorta and P. viviparum, Artemisia scopulorum, Polemonium 
confertum, Erigeron uniflorus, E. grandiflorus, E. composiius, Antennaria 
alpina, Allium acuminatum, Potentilla rubricaulis, and Carduus hookeri- 
anus. The major dominants of the late summer are Campanula rotundi- 
folia alpina, Gentiana frigida, Castilleja pallida occidentalis, Solidago 
virgaurea nana, Haplopappus pygmaeus, Pentstemon hallii, Senedo 
taraxacoides, and S. fremontii^^^ (Fig. 186). 

Sierran Tundra. —The alpine peaks of the Sierran climax are slightly 
higher than those of the Rocky Mountains, but the tundra is often 
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depressed by permanent snowcaps of great size. In the northern ranges 
its best expression occurs at 8,000 to 11,000 feet, though in the mountains 
of the upper Columbia Basin it may descend as low as 6,000 feet. In the 
Sierra Nevada the alpine climax is best developed between 10,500 and 
13,000 feet. In general, the oceanic climate raises the timber line and 
lowers the snow line, with the consequence that the Sierran tundra is 
usually much less massive than the Petran. At its northern edge this 
association passes over into the arctic tundra, while in the mountains of 
Montana and Alberta it merges with the Petran climax. It reaches its 
southern limit on San Jacinto Mountain, where it is represented by only a 
half-dozen relict species. 

As in the other two associations, sedges constitute the chief dominants 
of the Sierran tundra, with Poa, Agrostisj and Calamagrostis next in 
importance, followed by Trisetum^ Festuca, and Luzula. While the sub¬ 
dominants are much the same as in the Rocky Mountains, the most 
imi>ortant oiuis belong to different species, though these, in turn, vary 
much from north to south. The much higher precipitation promotes 
growth, and the forbs, in particular, are often much less dwarfed than in 
the Petran tundra, resembling the meadows of the latter. On such fieaks 
as Mount Rainier, the spring aspect consists chiefly of Erythronium 
monianum and E. parvifiorurriy which appear as rapidly as the snow melts 
and even push through the snow banks themselves. The midsummer 
aspect comprises species of Lupinus, Castilleja^ and Erigeron, together 
with PotentiHa^ Polygonum^ Valeriana, etc. 

FOREST CLIMAXES 
The Bokeal Fouesi 

Extent and Nature.—Together with the tundra, the boreal forest 
possesses the distinction of stretching across the continent as a broad 
band, interrupted only by the tundra-covered mountains of the Yukon 
and Alaska. The climax dominants are conifers and chiefly evergreen, 
but they are more or less mixed with the subclimax aspens and birches 
throughout or replaced by them over considerable stretches. The 
northern boundary runs from the Mackenzie delta to the east of Great 
Bear and Great Slave lakes to Fort Churchill on Hudson Bay; it then 
swings around the bay to the northeast but reaches the coast only near 
Newfoundland, owing to the influence of the cold Labrador current. 
From Cook Inlet in Alaska the southern boundary trends southeastward 
to the aspen savannas of Saskatchewan, eastward to Lake Winnipeg, 
and thence to northern New Brunswick (Frontispiece). 

Although the climate is less severe than that of the tundra, it is still 
very rigorous, and through the northern third or more the trees are much 
reduced in stature and diameter. Over much of th(^ vast region the ti^s 
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do not leaf out before the first of June and the leaves fall early in Septem¬ 
ber. The precipitation ranges from more than 40 inches in the east to 
less than 15 in the Yukon and is generally below 20 inches in the interior. 
The winters are long and severe; the snowfall is not excessive and the air 
is relatively dry. The ground is snow covered or frozen for nearly 
three-fourths of the year, and the subsoil is more or less permanently 
filled with frost. In general, the drainage is poor and the soils shallow 
and immature.*^* 

As already noted, the boreal forest lies in contact with the arctic 
tundra along its entire northern border, reaching the polar sea only at 
the Mackenzie delta. It passes gradually into the Barren Grounds 
through a transition belt in which the timber steadily diminishes in 
stature and the species are reduced to two or three. Along the rivers 
this reduced forest may extend as much as 200 miles into the tundra, 
finally breaking up into isolated outposts. On the other hand, the 
tundra extends even farther southward into the forest along the low 
mountain ranges and on the plateaus, especially in Alaska and the Yukon. 
To the southwest, this climax mixes with the subalpine forest in the 
Yukon and British Columbia and even with the northward extension of 
the coast forest in Alaska. One of its subclimax dominants extends well 
southward into the prairies of Alberta and Saskatchewan to form a 
characteristic belt of savanna.®'*^'®^® From the region of the Great Lakes 
eastward the boreal forest has long been in contact with the pine forest 
and the deciduous forest. The repeated shiftings of the glacial period, 
together with the striking influence of lakes and rivers, have led to 
widespread alternation and mixing of the three climaxes, further com¬ 
plicated by fire and lumbering. 

The boreal forest of North America has itself been differentiated from 
an earlier circumpolar mass and, hence, stands in close relationship to 
the coniferous forests of northern Europe and Siberia. It is even more 
closely related to the subalpine forests of the Rocky Mountains and the 
Sierran-Cascade system, which are to be regarded as more recent climatic 
modifications of it. The elevation of the Appalachians has been too 
slight to produce such a result, though the presence of Picea mariana and 
Abies fraseri in the southern ranges is evidence of such a tendency, which 
is further confirmed by the zone of boreal forest on the high peaks of 
New England. 

Because of the general uniformity of conditions and their very gradual 
change to the north and west, this climax is not so distinctly marked off 
into associations. The disappearanc'e of balsam fir and jack pine, how¬ 
ever, the increased importance of aspen and birch, and the entrance of 
alpine fir and lodgepole pine make the recognition of two associations 
necessary, though it must be admitted that the ecotone between them is 
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a very broad one. The subclimax associes plasrs a much larger part 
than usual in most climaxes, owing to the fact that the subclimax domi¬ 
nants outnumber the climatic ones. Moreover, they not only take 
possession of fire-swept or lumbered areas but also assume a regular role 
in the succession found in the imiumerable bogs and muskegs and on 
sandy or rocky plains.*®' 

The Spruce-Larch Forest. —This association reaches from Labrador, 
Newfoundland, and New Brunswick on the east to the Rocky Mountains 



Flu. 248.—Mature tamarack {Larix laricina) in almost a pure stand and a few small black 
spruce {Picea mariana). [Photograph, courtesy of U. S. Forest Service.) 

of northern British Columbia and the Yukon and in its extent across the 
continent is exceeded only by the arctic tundra.®** In its strictest sense, 
its climax dominants are restricted to two species, the white spruce, 
Picea glaaca and the balsam fir, Abies bahamea, but the several sub¬ 
climax trees may assume climax roles as well. This is primarily an out¬ 
come of the climatic relations as the tree limit is approached, in either 
latitude or altitude. Increasingly rigorous conditions cause the climax 
species to dwindle in importance or drop out, while the less exacting ones 
persist. Thus, the larch or tamarack, Larix laricina^ which is typical 
of bogs or muskegs through the heart of the forest, becomes essentially a 
climax tree along the northern border (Fig. 248). This is likewise true of 
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the paper birch, Betula alba papyrifera, which is elsewhere characteristic 
of burns or of immature soils. The black spruce, Picea marianay grows 
commonly with larch in or about bogs, but it becomes climax on rocky 
plateaus or on high mountain slopes, and the aspen, Populus tremuloideSj 
often exhibits the same tendency (Fig. 249). The jack pine, Pinus banks- 
iana, appears to assume subclimax or climax roles with equal readiness, 
but its definitely subclimax nature in the more temperate lake forest 
indicates that it is usually climax in the boreal one. The large-toothed 
aspen, Populus grafulideutata, belongs in lowland or fire subclimaxes 



Fig. 249..Forest: of black sjiruce {Picea mariana) in a muskeg covered with sphagnum. 

{PhotoQrapk, courtesy of U. S. Forest Service.) 

and is rarely if ever a climax species. Two other trees are frequent in 
the eastern portion of thi.s association, viz., arborvitae, Thuja occidentalis, 
and red maple, Acer ruhrum. Both are more or less subclimax in nature, 
but they also persist well into the climax community. The former, 
however, is regarded as belonging properly to the lake forest and the 
latter probably to the deciduous one. 

The characteristic undergrowth of the spruce-larch forest is sup¬ 
plied by the heath stage of the bog succession. The most important 
species are Kalmia glauca, K, angustifoUa, Ledum palustre, L. groenlandi- 
cum, Chamaedaphne calyculata, Rhododendron canadense, Empetrum 
mgrum. Rubus chamaemorus, Andromeda poUfolia, and several species of 
Vaccinium: pennsylvanicum, caespitomm, uliginosum, vitia-idaeay oxy-* 
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coccu^i etc. Most of these grow taller and more open as the larch and 
spruce close in on the moor, and the least tolerant species drop out as the 
canopy thickens with the entrance of balsam and white spruce. The 
margins of the moor are occupied by taller species, sUch as Alnus incana 
or A. crispa^ Viburnum cassinoidesy V. paudflorumy Corylus rostratay 
Comus stoloniferay Pyrus arbutifolia, Myrica galcy Betula pumihiy Spiraea 
salicifolia, etc., and of these AlnuSy Corylusy and Spiraea persist well into 
the shade. The most successful shade plants are the dwarf or creeping 
shrubs, such as Gaultheria procurnbenSy Vacdnium oxycoccusy Cornus 
canadensisy Mitchella repens, and Epigaea rcpens, with which are associ¬ 
ated Coptis trifolia, Clintonia borealiSy Pyrola ellipticay Chiogenes hispidulxiy 
Aralia nudicauliSy etc. The various species of Sphagnum usually dis¬ 
appear before the subclimax is reached, but Polytrichum and Cladonia 
sometimes persist into the climax. 

The Spruce-Pine Forest. —This association cuv^ers northern British 
Columbia, the Yukon, and Alaska up to the limits of the tundra in the 
north and to an altitude of 1,000 to 2,000 feet in the mountains. It 
possesses the white spruce in common with the eastern association, but 
the balsam fir and jack pine have disappeared, the larcli is rare in Alaska, 
and the black spnice much less frequent. The three deciduous species, 
espc^cially the paper bir(;h, play a much larger part, and two new domi¬ 
nants enter from the subalpine forest of the Rocky Mountains, xriz.y 
lodgepole pine, Pinus contorta murrayanUy and alpine^ fir, Abies ladocarpa. 
In the north, even the white spruce becomes subordinated to the poplars 
and birches, though it persists in the south to Cook Inlet and beyond, 
where it is mixed with Picea sitchendsy Thuja plicatUy and Tsuga hetero- 
phylla of the coast forest. Owing to the fact that the peninsula of Alaska 
is largely surrounded by cold waters, and as well to the number of moun¬ 
tain ranges, its climate is arctic and tundra is the prevailing climax. It 
is chiefly along the Yukon River and its tributaries, and the Pacific 
Ocean, that forest climaxes are possible. 

The bogs of black spruce and occasional larch exhibit many of the 
heaths and other shrubs of the eastern association, and the undergrowth 
of the climax areas is likewise much the same, until the influence of the 
Pacific Ocean is felt. In such regions, AlnuSy CornuSy Ledumy RibeSy 
Vaedniumy and Viburnum are joined by Gaultheria shaUoUy Menziesiay 
EchinopanaXy etc., from the coast forest, and this undergrowth becomes 
controlling in mixtures of the two climaxes. 

The Birch-Aspen Associes. —This is the characteristic fire subclimax 
throughout both associations. It is composed chiefly of the paper birch 
and aspen, though the balsam poplar and jack pine take some part in it. 
The first two may appear as pure or nearly pure consocies, or they may 
be mixed in various degrees, often with a sprinkling of balsam poplar. 
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The latter is rarely pure, except occasionally on flood plains, but the jack 
pine usually constitutes a consocies, owing to the relation between its 
closed cones and seeding. Birch and aspen occur more or less abundantly 
as relicts in the climax forest, and particularly at the margins, where fire 
and clearing have been at work.®^* They are, however, at an increasing 
disadvantage in competition with the climax dominants as the latter grow 
taller, and they gradually drop out and finally disappear in the mature 
forest. The undergrowth is better developed than in the climax as a 
result of the more open canopy. It is often dominated by Pteris aquilina, 
which finally yields to the original forbs of the climax. * 

The Subalpine Forest 

Extent and Nature. —As has been indicated earlier, the three great 
mountain systems of the continent have served as pathw^ays for the 
southward extension of the boreal forest during cold-wet phases of the 
climatic cycle and as refuges for it with the return of warm-dry phases. 
Because of its lower elevation, the Appalachian system has been less 
effective in this respect; but one or two new species have been evolved 
and the subalpine community is poorly developed and little differentiated 
from the boreal. It has been quite otherwise on the much higher ranges 
of the Rocky Mountains and the Sierra-Cascade system. Not only are 
all the conifers different in species from those of the boreal forest proper, 
but they also differ decisively in the two associations of the subalpine 
forest. The deciduous trees have, moreover, decreased in both number 
and abundance, the three major species now being represented only by 
the aspen, except for the northern portions of the Rocky Mountains. 

As the name suggests, the subalpine forest occupies the upper slopes 
of the high ranges, usually forming a belt 2,000 to 3,000 feet in breadth 
between the alpine tundra above and the montane climax below. It 
stretches from southern Alaska and adjacent British Columbia to Mexico 
and Lower California, wherever the altitude is sufficiently great. It is 
found on all the higher ranges of the Great Basin but in reduced form 
and reaches its eastern limit on the Front Ranges of the Rockies from 
New Mexico northward. 

The subalpine climax bears a relationship to three different forma¬ 
tions, namely, the boreal, the coast, and the montane forest. The direct 

* The Ktudent may well nonsuit the following general sources of information on 
plant communities of North America for further details: 

Clemunts, “Climax Formations of Western North America,” in Plant 
Indicators. 

Shantz and Zon, “Natural Vegetation.” 

Shblford, et al.f “Naturalist’s Guide to the Americas.” 

Harbhbbbgbb, “Phytogeographic Survey of North America.” 
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relationship is with the first, since the chief dominants of both belong to 
the two genera Picea and AbieSj the secies of which are also relaced. 
The general connection with the coast forest is shown by the presence 
of Abies, Larix, and Tsuga in both, though represented by different 
species. Picea engelmanni, moreover, is fairly common and Abies 
lasiocarpa not infrequent in the transition association. The relationship 
to the montane forest is indicated by the presence in each of closely 
related species of Picea and Abies, though these two genera play a less 
important role in the lower zone. Pinus contorta and Populus iremuloides 
are common to both, though much more abundant in the subalpine 
region (Fig. 61). 

In spite of its occurrence on many separate ranges, the subalpine 
forest possesses a high degree of unity. Its two chief dominants, Picea 
engelmanni and Abies Uisiocarpa, occur practically throughout, except 
for California. Pinus contorta extends from the mountains of Yukon to 
the San Pedro Martir of Lower California and the Front Ranges of Colo¬ 
rado. Pinus flexilis and P. aristata are found through the larger part of 
the two associations, though represented by distinct varieties. Two 
other important dominants are Tsuga mertensiana and Larix lyallii, 
which, though essentially coastal in character, occur in the transition 
area of northern Idaho and Montana, Larix even reaching the Rockies in 
southern Alberta. The other important dominant, Abies magnifica, 
though found only in California and southern Oregon, may well be 
regarded as the ecological representative of A. lasiocarpa. 

The ecological unity of the subalpine formation is emphEisized by its 
constant relation to the montane forest below and the alpine tundra 
above it. Its geographic and topographic relations serve to explain the 
uniformly boreal climate in which it flourishes. This is characterized 
by a short growing season, relatively high precipitation, largely in the 
form of snow, and wide diurnal and seasonal range of temperatures. The 
Jong winter is marked by high winds and excessive transpiration in rela~ 
tion to the holard, and these have a controlling influence in determining 
the holard. 

The two associations reflect the wide separation of the two Cordil¬ 
leras, except in the north, and the resulting differentiation of two sub¬ 
climates. The warrant for distinguishing them is found in the fact 
that Picea engelmanni and Abies lasiocarpa are the two major dominants 
in the Rocky Mountains but are lacking in California; that Tsuga 
mertensiana and Abies magnifica are confined to the western association; 
and that the two pines, though closely related, are represented by diL 
ferent varieties or nascent species. Pinus contorta, moreover, assumes 
the role of a climax dominant in the Sierran community, while its variety 
murrayana is a subclimax one in the Petran. 
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Petran Subalpine Forest. —This association extends from the moun¬ 
tains of northern British Columbia and Alberta to northern New Mexico 
and Arizona. It also occurs on the Blue Mountains of Washington and 
Oregon and in reduced form is found on the higher ranges of the Great 
Basin and southward along the Sierra Madre into Mexico. In altitude, 
it ranges from 3,000 to 7,000 feet in the north and from 8,000 to 12,000 
feet in Colorado and New Mexico. 

The precipitation in the central part of the area varies from 22 to 40 
inches a year, and the snowfall from 8 to 14 feet. On the interior ranges 
the rainfall may be somewhat less. The evaporation is lower than in the 



Fia, 250.—Petran subalpine climax of Engclmann spnice (JPicca engdmanni) and subalpine 
fir {Abies lasiocarpa)^ in Colorado. 


montane zone, the reduction ranging from 25 to 50 per cent. At the 
lower limit, the growing season is nearly 4 months long; at the upjKir, 
between 2 and 3 months. The mean temperatures are 5 to 10 degrees 
Fahrenheit less than in the montane forest, and near timber line frost 
occurs frequently during the summer. 

The mass of the association is constituted by Picea engelmanni and 
Abies lasiocarpa, much fragmented in the north by the burn communities 
of Pinus contorta murrayano}^^ (Fig. 250). Pinus flexilis and its variety 
albicaulis are more abundant northward and even Larix lyallii enters 
the community in southern Alberta. In northern Colorado, the usual 
grouping is Piceay Abiesy Pinus nturrayanay and P. jlexiliSy while south¬ 
ward the lodgepole pine drops out and P. aristata appears. On the 
desert ranges of the interior, P. flexilis and P. aristata alone remain to 
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represent this climax. The characteristic fire subclimax is formed by 
the lodgepole pine, Pinus murrayanay which covers great areas with a 
pure stand from central Colorado northward. It is often accompanied 
by aspen, which finally yields to it, while beyond the range of the pine, 
the former constitutes similar subclimaxes. Mixed societies of grasses 
and forbs usually attain a striking development in the aspen community, 
but they are much reduced under the denser canopy of the pine or of the 
spruce-fir climax. The most important genera are Aquilegia, Arnica^ 
Campanulay CastiUeja, Erigeroriy Fragariay Polcmoniumy SoUdago, and 
Thalictruniy many of them represented by the same or related species in 
the montane forest. 

Sierran Subalpine Forest. —Certain dominants of this association 
reach their northern limit in Alaska, but in its more typical expression 
this forest stretches southward from British Columbia along the upper 
sloy^s of the ranges. Its eastern limits are found where it comes in 
contact with the Petran association in Alberta and Montana or on the 
eastern slopes of the Sierra Nevada. It is much reduced in the cross 
ranges of southern California and its last outposts disappear in Lower 
California. The altitude of this zone rises steadily from Alaska south¬ 
ward, from 2,000 to 4,000 feet at the north, 5,000 to 8,000 feet in the 
central portion, to 7,000 to 10,000 feet in the Sierra Nevada. The 
climatic relations are mu(;h the same as in the Petran association, with 
the important exception that the precipitation is much higher, ranging 
in the Sierras from 50 to 75 inches. A half to nearly all of this may fall as 
snow, the total snowfall sometimes exceeding 50 feet in depth. 

The characteristic dominants of this forest are six, viz., Tsvga mertend- 
ana, Pinus coniorta, P. albicauKs, P, balfouriana, Larix lyallii, and Abies 
magnifica. Three other dominants, Picea engelmanni, Abies lasiocarpa, 
and Pinus flexilis, are more typical of the Petran forest, while Abies 
amabilis, A. nobilis, Pinus monticola, and Chamaecyparis are more 
important in the coast forest. The two dominants of the greatest 
extension are Tsuga and Pinus coniorta, ranging from Alaska to the 
southern Sierras, while P. albicaulis occurs from British Columbia to the 
thirty-sixth parallel. Larix is more restricted, w^hile Abies magnifica is 
confined to California and Oregon, and Pinus balfouriana grows only in 
California (Fig. 251). 

The large number of dominants and the extensive range make the 
groupings exceedingly varied. There is a marked tendency toward pure 
consociations near timber line, while in the lower part of the zone two 
pr more dominants usually occur in mixture. In the ranges of the upper 
Columbia Basin, Abies lasiocarpa and Picea engelmanni are regularly 
present and are usually associated with one or more of the following: 
Pinus coniorta, P. albicaulis, Larix, and Tsuga. Tsuga and Abies grow 
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together in Alaska, while farther south Picea^ LariXy Finns albicauUsj 
and Abies amabilis are commonly associated with them. In the Sierra 
Nevada, Tsuga occurs with Abies magnificaj Finns contortay and P. montic- 
ola through most of the width of the zone and with P. albicanlis in the 
upper portion. Finns balfonriana is associated with the first group in 
the lower portion of the forest, with P. monticola higher up, and with P. 
albicanlis at timber line. 



Fig. 251.—Sierran Hubalpine climax of subalpiiic fir {Abica lasiocarjm) and lodgcpoic pijie 
{PinuB contorta), in Oregon. {Photograph by G. E. Nichols.) 

The Sierran subalpine forest is not rich in societies and most of thos(^ 
present have been derived from the alpine tundra or the montane forest, 
the shrubs, in particular, coining from the latter. 

The Lake Forest 

Extent and Nature. —As the name implies, this is preeminently a 
lake formation, being centered on the Great Lakes and recurring to the 
eastward in New York and New England where the larger lakes and 
rivers produced similar conditions. Since sandy soils likewise furnish, 
favorable water and temperature relations, the pines, in particular, are 
to be found on sandy plains through much of this region. The most 
extensive stands of white pine, Finns strobusy were originfllly found in 
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central and northern Michigan and in eastern central and northern 
Minnesota. Farther east, the forest wfus more fragmentary, consisting 
chiefly of relict communities of varying size, found about bodies of water, 
on sand plains, or on the slopes of the Allegheny Mountains in Pennsyl¬ 
vania and to the southward. The climax dominants, white and red pine 
and hemlock, occur over a much wider area, smaller relicts, as a rule, 
persisting through southeni Ontario and Quebec, much of New Bruns¬ 
wick and central Maine. 

The climate of this forest has a wide geographic as well as annual range. 
The annual precipitation varies from a mean of 25 inches in Minnesota 
to one of nearly 45 inches in the mountains of the east. The tem¬ 
perature extremes during the year may range from —50 to 105®F., and 
in the northern portion frost may occur in any month of the summer. 
The growing season averages 4 months, though white pine and hemlock 
persist under favorable local conditions in regions where it is much longer. 

The Pine-Hemlock Forest.—The lake forest consists of a single associ¬ 
ation, in which Pinus strobus, P. resinosa, and Tsiiga canadensis are the 
climax dominants. It has been so long cut off from the related montane 
and coast forests of the west that they cannot be grouped in the same 
climax, though their phylogenetic relationship seems evident. In fact, 
the climax nature of the lake forest itself may be easily questioned today, 
because of th(^ great Aueissitudes it has experienced. No other association 
has suffered so severely from lumbering and consequent fire, partly 
because of the quality of its timl)er, but chiefly because of its proximity 
to long-settled and well-populated districts. In southern Ontario where 
white pine with considerable red pine constituted formerly 60 per cent 
of the for(\st, logging and fire have reduced this to scattered relicts, 
about which effective reproduction is still further handicapped by the 
coactions of man. It is such universal dLsturbance that is primarily 
responsible for the doubts as to the actual existence of a pine-hemlock 
climax, but earlier historical and physical factors have had a large share 
as 

During the repeated mass migrations of the glacial-interglacial cycles, 
this entire climax suffered not only the most severe buffeting but also 
the most intense competition from the boreal forest along one border 
and the deciduous forest on the other. Its migration before the ice front 
or in the wake of its retreat was, moreover, peculiarly handicapped by 
the solidarity of the great mass of the hardwood forest and, during the 
recent period, by that of the boreal forest as well, to say nothing of the 
barriers constituted by the Great Lakes. In a region with such marked 
extremes of climate, each phase of every major climatic cycle has increased 
its disadvantage. The cold-dry phases have permitted the encroach¬ 
ment of the boreal climax, the warm-wet ones that of deciduous forest, 
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not over a uniform terrain but one fragmented by lakes, rivers, and 
mountain ranges to the extreme. One striking consequence has been the 
inclusion of many small, relict areas of pine, hemlock, or both well 
within the mass of deciduous or boreal forest. When all the evidence 
is assembled and weighed in the light of these various processes, there 
seems little doubt that the pine-hemlock forest represents a genuine 
climax, now sadly depleted and fragmented, especially by the hand of 
man. * 

The climax dominants of this association are red or Norway pine, 
Pinus resinosay white pine, P. strobus, and hemlock, Tsuga canadensis. 
A frequent associate of the pines is the jack pine, P. hanksianay but 
this belongs properly to the subclimax. On mountain slopes the red 
spruce, Picea ruhray is associated with white pine especially but is, 
perhaps, even more frequent in montane (communities of white spruce 
and balsam fir. Southward, Pinus rigida also enters this community 
and serves to connect it with the subclimax pine forest of the southeast. 
The arborvitae. Thuja occidentaliSy often plays a role of considerable 
importance, but it, too, is to be regarded as a subclimax species. The 
white cedar, Chamaecyparis thyoideSy likewise exhibits aflSnities with this 
group but is rarely of much importance even in the subclimax (Fig. 252). 

The difference in the ecological requirements of the three climax 
dominants is such that they are not frequent in mixture, but this has 
undoubtedly been, in part, an outcome of lumbering. The two pines 
occur together throughout most of the western portion, but the greater 
tolerance of the white pine for shade originally produced extensive pure 
stands.®® '*^ Over the eastern part of the area, the relict areas appear 
frequently to be either pure pine or hemlock, but in the original forest 
the two consociations grew side by side as well as in mixture.®® ®^® The 
view that hemlock is properly a member of the deciduous forest runs 
counter to the rule as to the identity of life forms and has not taken 
sufficient account of the nature of relicts. Since its tolerance of shade 
and its water requirements are greater than those of the white pine, the 
hemlock approaches beech, maple, and chestnut closely in its demands. 
Its proper climax position is disclosed, however, by the relict communities 
in the maple-beech association, where it is found all but invariably on 
the cool northerly slopes.”® 

The number of genera common to the pine-hemlock association and 
the coast and montane forest of the west is so great as to indicate that 
they were originally derived from the same coniferous climax. The 
transition association of the coast climax, in particular, has a species 
corresponding to practically every one of the lake forest. Pinus strobus 

* The most conclusive testimony has been furnished by Sargent, who saw this 
forest in much its original condition and setapart as a distinct community. 
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is represented by another white pine, P, mmticola; the red pine by the 
ponderosa pine, P. ponderom; and the ja«k pine by another species of the 
same character, P. corUorta. Tsuga canadensis has a reciprocal species 
in T. heterophylUit Thuja ocddentalis in T. plicaiay and Larix laricina in 
L. ocddentalis. The presence of Chamaecyparis on both coasts is a fur¬ 
ther point of resemblance. The montane forest is more nearly related 
to the coast climax, but it also contains the three types of pine as well as 



Fig. 252.—Pine-hemlock forest (JPinus alTohuB and Tanga canadenaia) in Pennsylvania. 
{photography courteay of U. S. Forest Service.) 


a group of more recently evolved southern pines corresponding, in some 
measure, to the numerous species of the pine subclimax of the southeast. 

The characteristic subclimax of the pine-hemlock forest is formed by 
the consocies of jack pine, Pinus hanksiana. As in practically all species 
of this group, the cones not only remain on the trees for a number of 
years, but also they open tardily and sometimes only as a result of fire. 
This species is, in consequence, especially fitted to take possession of 
burned areas as pure stands; its preference for sandy plains is likewise 
to be explained by its lower requirements, though in such situations it 
may be the subfinal stage of the normal prisere. Birch and aspen also 
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occur in a fire subclimax in this forest, though largely as a result of mix¬ 
ture with the boreal formation.^ Thuja occidentalis is regarded as the 
typical subclimax of the hydrosere, usually forming a fairly distinct 
and nearly pure zone about the drier margins of bogs. At its inner 
edge it is frequently associated with Picea mariana and Larix laridna; 
though the latter belong properly to the boreal climax, the frequent 
occurrence of relict bogs in the northern portions especially of the pine- 
hemlock climax gives these two si>ecies more or less subclimax importance 
in the latter. 

The undergrowth of this forest is rather poorly developed, owing to 
the dense canopy, particularly in the hemlock consociation. Moreover, 
from its position, the species of shrubs and herbs are common to boreal 
or deciduous forest for the most part. They are necessarily shade plants 
of a more or less extreme type, largely ferns and fern worts, Asplenium, 
Polystichum, Lycopodium; orchids, Calypso, Goodyera; saprophytes, 
Corallorrhiza, Monotropa, Hypopitys; and such undershrubs and forbs of 
the ground cover as Mitchella, Chimaphila, Gaultheria, Pyrola, Circaea, 
Viola, etc. 


The Coast Fohest 

Extent and Nature. —This climax has its greatest developm(*nt along 
the Pacific Coast, as its name implies. The main body strot(;hes from 
southern British Columbia to northern California, but several of the 
major dominants extend much farther northward as well as southward. 
Picea sitchensis finds its northernmost limit at Cook Inlet in Alaska, 
while Tsuga heterophylla and Chamcuxyparis nootkatensis reach nearly 
as far. Thuja plicata occurs in southern Alaska, and Abies amabilis is 
found at the extreme southern end. Sequoia sempervirens ranges farthest 
to the south, its last outposts lingering in the Santa Cruz and Santa 
Lucia Mountains of California. While the best expression of this climax 
is along the coast, it extends to the Cas(5ades and covers their western 
slopes. Eastward it passes into a broad transition forest that reaches to 
the western ranges of the Rocky Mountains in northern Montana and 
adjacent British Columbia. In altitude, the coast forest extends from 
sea level to 3,000 to 5,000 feet in the coast ranges and the Cascades. 

Geographically, this forest belongs to the coast and the Columbia 
Basin. At the higher levels, the latter resembles the former in being a 
region of relatively high rainfall and low evaporation. The exceptional 
extension along the coast is partly a matter of high rainfall but is due 
chiefly to the remarkable oceanic compensation between Alaska and 
California. The temperatures as' well as the rainfall are less uniform 
from east to west, but this is reflected in the mixing of two climaxes and 
the differentiation of a transition community. 
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The closest relationship of the coast forest is with the montane climax, 
due, in some degree, to their direct contact at present. This is naturally 
best exemplified in the transition association, while the generic composi¬ 
tion of the coast association is more like that of the pine-hemlock forest 
of the northeast, as already indicated. Both the former show an afiSnlty 
with the boreal forest in the presence of Abies and Picea, though this may 
really be through the subalpine forest. The most important dominant in 
common is the Douglas fir, PsevdoLs^uga taxifolia^ which reflects the 
climatic relations in being climax in the montane formation and sub¬ 
climax in the higher rainfall of the northwest. The chief contact of the 
coast forest is with the montane, until this yields in the north to the sub- 
alpine and the latter to the western association of the boreal climax. 
About Cook Inlet the grouping may include a single dominant of each of 
the last three. 

The Cedar-Hemlock Forest. —This is much the more massive and con¬ 
tinuous of the two associations. The dominants are fewer and the 
composition less varied, though the northern and southern extremes show 
striking differences from the central portion. The trees are taller, the 
(canopy denser, and the shrubby layer often developed to form almost 
iinpen(d.rablc thi(*kets. The most typical expression is found in western 
Washington and Britisli Columbia, whence the forest decreases in width 
and number of dominants in both directions, Picea and Tsuga forming the 
northern and Sequoia the southern outposts. 

The essential character of the coast forest is given by Tsuga heter- 
ophylla, Thuja plicataj Picea sitchensisy and Sequoia sempervirenSy though 
tlie typical grouping comprises the first two together with Psevdotsuga 
taxifolia. Picea is confined to the vicinity of the seacoast and Sequoia^ 
though more southern, restricted chiefly to the fog belt; the several species 
of Abies and Chamaecyparis range well into the adjacent communities. 
With respect to abundance and extent, Pseiidotsuga is much the most 
important dominant. It is the typical species of burned areas and, 
hence, properly constitutes a subclimax, a conclusion further supported 
by its relatively low tolerance.Much of the area formerly covered 
with Tsuga y Thuja, and various associates is now a pure stand of Douglas 
fir, in wliich the hemlock and cedar persist in deep canyons or other 
protected places. This species is likewise a major dominant of the 
montane forest as well as of the transition association and, in consequence, 
passes readily from the role of subclimax to climax dominant. 

ThLs association constitutes a coniferous forest of unrivaled magnifi¬ 
cence, in which the mature trees reach heights of 200 to 300 feet and 
diameters of 15 to 20 feet.®*® This is a direct outcome of the moderate 
temperatures and exciessive rainfall with frequent or constant fog. Over 
much of the area the annual rainfall is in excess of 80 inches, the range 
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being 50 to 120 inches. In the United States, all but 10 to 30 per cent 
of this falls during the 6 winter months, and much the same conditions 
obtain to Sitka and beyond. The absolute minimum as far north as 
Sitka is but — 4°F. (Fig. 253). 

In a region of such excessive precipitation, the water relations of the 
dominants are less clear or at least are much modified by temperature. 
The general relation to the factor complex is indicated by the altitudinal 
range, though this is not in full accord with that of latitude. The typical 
fog-belt trees are Picea sitchensis, Sequoia sempervirens, and Chamae- 
cyparis lawsonianay which indicate maximum conditions as to water 



Fig. 253. —Climax forest of western hemlock {Tsuga heterophylla), red cedar {Thuja 
'plioata)^ and Douglas fir {Paeudotsuga taxifolia). Mount Rainier, Washington. {Photo¬ 
graph by G. E. Nichols.) 


content and humidity. These are followed by Thuja plicata and this by 
Tsuga heterophylla and Abies grandis. The ability of Abies amahilis, A. 
nobiliSy and Chamaecyparis nootkaiensis to endure more xeric conditions 
is shown by the fact that they occur also in the subalpine zone, where the 
first is frequent at timber line. Pseudotsuga is the most xeric of all the 
dominants, a fact in complete accord with its subclimax nature and its 
importance in the montane forest. 

Shrubby societies are characteristic of this forest and those of forbs 
are correspondingly reduced. GauUheria shallon and Echinopanax hor- 
ridum are two of the most typical subdominants, while Acer, BerberiSy 
BtbeSy RubuSj RhododendroUy SambucuSy and Vaccinium are the genera 
represented by two or more species. Among the ferns, Blechnum spicarUy 
Polysiichum munitunty and Pteris aquilina are widespread, while the 
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ground cover is composed chiefly of Oxalis oregana, Aiarum ecntdaium, 
Fragaria veaca, TrierUdlit lalifolia, TrMium ovatum, Disporum smithii, 
Streptopus roaeus, etc. 

The Larch-Pine Forest —^This association occupies the eastern slopes 
of the Cascades below the subalpine zone. It stretches across the moun¬ 
tains of northern Washington into Idaho and northwestern Montana, 
reaching its limit on the western slopes of the Continental Divide. It is 
found on the Gold and Selkirk ranges of British Columbia, the southern 



Fig. 254. Forest of western white pine (Pinuit monticola) A, western red nedar {Thuja 
jiiicata) Bt and western hemlock {Tauga heterophylla) C, on l^ttomlaiid in northern Idaho. 
{Photograph, cotirteay of J. A. Larsen.) 


Bitterroot Mountains of Idaho, and the Blue and Wallowa ranges to the 

This is primarily a transition forest between the coast and the montane 
climaxes, but it occupies such a large area that it cannot well be regarded 
merely as an ecotone. Over most of the region the dominants of the 
coast forest are characteristic, and for this reason it is assigned to this 
climax. The trees, however, are reduced in size and the association is 
less dense and exclusive, owing to increasing remoteness from the coast. 
Of the four major dominants of the coast association, Picea sitchensis 
has disappeared, Tsuga and Thuja diminish in importance and then dis¬ 
appear, and Pseudotsuga shares the control with several other important 
species. Over most of this forest the rainfall is only 20 to 35 inches, and 



504 


PLANT ECOLOGY 


30 to 60 per cent of this falls between the first of April and the end of 
September, a proportion twice as great as in the cedar-hemlock forest. 
The mean temperature is about 7®F. lower and the minimum ranges from 
-25 to -49°F. (Figs. 118 and 254). 

The chief contact of the transition forest is with the montane climax, 
and, in consequence, its dominants are almost equally divided between 
the two formations. Five are derived from the coastal association and 
three from the montane forest, while Pseudotsuga belongs to all three but 
is here more of the montane type. Pinus monticola and Larix occidentalis 
reach their optimum development in northern Idaho and the adjacent 
regions and may well be regarded as the two most typical dominants of 
this forest. Likewise, while Abies grandis ranges from the coast to north¬ 
western Wyoming, it is more characteristic of the transition region. 
Toward the east the major dominants of the coast association are the 
first to drop out, followed by those of the transition community, while 
Pseudotsuga, Pinus ponderosa, P. contorta, and Picea engelmanni continue 
into the Rocky Mountains as chief dominants. The undergrowth varies 
in harmony with the behavior of the dominants; it is essentially the same 
as in the cedar-hemlock forest in the western portion, becomes a mixture 
in the central, and finally passes over more or Icwss completely into that of 
the montane forest in the east. 

The Montane Forest 

Extent and Nature. —This is the most extensive and, perhaps, the most 
important of all the western forest climaxes. It extends from tlui foot¬ 
hills of western Nebraska and South Dakota and the mountains of western 
Texas to the Pacific Coast and reaches from the mountains of central 
British Columbia to those of Mexico and Lower California. It occurs 
throughout the ranges of the Great Basin and on those of the south¬ 
western deserts where the altitude permits. Geographic^ally, this 
formation is typical of the great Cordilleran system, from which it extends 
out upon the many plateaus to the eastward as well as in the interior. 
Its climatic range rivals that of the grassland in so far as latitude is con¬ 
cerned, both extending several degrees northward into Canada and even 
farther southward into Mexico. The vertical range of this climax is 
often more than 6,000 feet in the Rocky Mountains and it may be some¬ 
what more in the Sierras and Cascades. The corresponding range in 
rainfall and temperature is vast. The pine consociation of this forest 
frequently occurs in a rainfall of 20 inches or less from Colorado to Ari¬ 
zona and in one of 50 to 60 inches on the Pacific Coast. As to distribu¬ 
tion, 50 per cent or more falls in summer along the Rockies, while along 
the Sierras and Cascades 70 to 90 per cent falls during the winter. For 
temperature, there is a difference of more than 20°F. in the mean for 
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northern Montana and southern California and of 60®F. in the lowest 
recorded minimum. In spite of this, the regular association of the three 
major dominants throughout the area indicates that the climate is 
essentially a unit from the standpoint of vegetation. 

In structure, the montane forest is most closely related to the coast 
climax, as is shown by the broad transition between the two and by the 
importance of Pseudotsuga in both. Its widest contact is with the 
subaipine formation, the two touching and mingling for thousands of 
miles along the ranges of the Rocky Mountains and the Sierra-Cascade 
system. These two forests are similar in appearancie, but they differ 
fundamentally in composition, origin, and climatic and successional rela¬ 
tions. Along the lower margin, the montane forest makes the most 
varied contacts, touching woodland in the south, grassland along the 
eastcTji front, chaparral in California especially, and this or sagebrush in 
the ranges of the Great Basin. 

The unity of tins vast formation is demonstrated by the occurrence of 
the three major dominants, Pinus ponderosa, Pseudotsuga taxifolia, 
and Abies concolor^ from Colorado to California and from Montana to 
Mexico. It is further emphasized by the more or less constant presence 
of Pinus contorta, P. flexilis, and P. alhicaulis in both associations. There 
is also marked agreement as to the genera of the societies, more than 
three-fourths of these being common to both. 

The Petran Montane Forest.—This is the characteristic forest of all 
the rangtis bt'tween the Great Plains and the Sierra-Cascade axis and is 
by far the most extensive of all the forest associations of the continent. 
At the north its area is relatively narrow where it yields to the coast 
forest in Montana and British Columbia, and it is broadest in the center, 
where it stretches from western Nebraska to the eastern slopes of the 
Sierras in Nevada. The range in altitude naturally varies with the 
latitude; in gent^ral, it is from 4,000 to 7,000 fe^et in the north to 6,000 to 
9,000 feet in the south, but the consociation of Pinus ponderosa in the 
form of savanna often extends much lower. 

By virtue of tlieir abundance and wide occurrence, Pinus p&nderosa, 
Pseudotsuga taxifolia^ and Abies concolor take rank as the major domi¬ 
nants of this association.®®* The lodgepole pine, Pinus contorta mur~ 
rayana, comes next; it is typically the subclimax dominant of the burn 
subsere but is so exclusive and permanent owing to repeated fires that it 
is conveniently considered along with the climax. Pinus flexilis and its 
variety alhicaulis are of wide range both in altitude and in geographical 
area but generally of secondary abundance. Several other pines are of 
local importance in Arizona, New Mexico, and Mexico, but these are all 
of restricted distribution, as is also the one spruce, Picea pungens, in the 
central Rockies. In general, Pinus ponderosa^ Pseudotsuga^ and Abies 
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occur together throughout the mass of the association. To the north¬ 
west, Abies becomes secondary or is absent, while in the Wasatch Moun¬ 
tains of Utah the pine is usually lacking, and in the desert ranges the 
Douglas fir. The lodgepole pine covers large areas in the central and 
northern Rockies but disappears to the southward, where its subclimax 
role in burns is taken by the aspen®®’ (Fig. 255). 

The most xeric of the major dominants is Pinus ponderosa, followed 
by Pseudotsuga and Abies; the most mesophytic is Picea pungens. Pinus 
contorta murrayana is nearly as xeric as the ponderosa pine, but has a 



Fig. 255.—‘Ponderosa pine consociation of the montane forest. (PhoioQTaph by G. K. 

Nichola.) 

wider range of adaptation. Much the same is true for P. flexilis and P. 
dlhicauliSy while the three southern pines resemble P. ponderosa in this 
respect. The rainfall limits for the montane forest are approximately 
18 to 20 inches for the lower margin and 22 to 23 inches for the upper, 
though ponderosa pine persists in savanna with a precipitation of 15 
inches and lodgepole outposts may be found at even lower limits (Fig. 55). 

The shrubby layers of the montane forest are fairly well developed, 
the genera, for the most part, being much the same as in the deciduous 
and pine forests of the east. The lower layer consists of OpulasteVy 
RosUy Viburnunty RibeSy Jamesiay etc., and the more open upper one of 
Acer glabruniy Betula ocddentaliSyPrunus pennsylvanicay Cornus stoloniferay 
etc., together with scattered aspens and willows. The herbaceous 
societies are also grouped in two layers and exhibit two well-marked 
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aspects, spring and summer, with the autumn one brief and less distinct. 
The characteristic genera of the upper layer are Mertensia, Thalictrum, 
Geraniumj Actaeay Castillejay Ertgeron, Solidago, Aquilegiay and Haph- 
pappuSy while the ground carpet is composed of Fragaria, VioUiy PyroUiy 
Atragene, Saxifragaj Goodyeray etc. 

The Sierran Montane Forest. —This forest extends to central Oregon 
along the Cascades but little beyond the border in the Coast and Siskiyou 
ranges. In its typical expression it is practically confined to California, 
where it is replaced by the coast forest in the northwest and by the 
Petran along the eastern slope of the Sierra Nevada. It is fragmentary 
in the southern Coast Ranges but is the characteristic forest of the cross 
ranges, reaching its southern limit in reduced form in the mountains of 
Lower California. The range in altitude is exceptionally great; in the 
north it occurs at 1,000 to 3,000 feet in the Coast Ranges and at 2,000 to 
6,000 feet in the Cascades. In the central Sierras the limits are much the 
same, but the upper limit rises to 7,000 to 8,000 feet in southern California 
and even to 8,000 to 10,000 in Lower California. 

The major dominants of the association are Pinus lambertianay P. 
ponderosQy Pseudotsuga taxifoliay Abies concoloVy and Libocedrus decur- 
rens. All of these occur from the northern limit in Oregon to the San 
Pedro Martir Mountains of Lower California, though the Douglas fir 
is represented in the south by the variety macrocarpaj as ponderosa pine 
is at the upper limits by its vanety jeffreyi. The remaining species are all 
of secondary importance, three of the pines, Pinus attenuata, P, muricatay 
and P. radiatUy taking the role of a fire subclimax in the various areas, after 
the model of the lodgepole pine in the related association. Of frequent 
occurrence are three species of broadleaf trees, mz.j Quercus califomicay 
Q. garryanUy and Arbutus menziesii, the last an evergreen suggestive of 
the role of Magnolia in the east. These are considered to be relicts of 
former more extensive forests of similar type and now play a subclimax 
part, especially in the fire succession (Fig. 256). 

This association grows under a rainfall of 80 inches in the coast ranges 
of northern California, but this amount decreases rapidly toward the 
south until it reaches 20 inches in the San Jacinto and San Pedro Martir 
Mountains. In spite of this, the great mass of the association is con¬ 
stituted by the five major dominants, though in the most variable pro¬ 
portions. While mixed forest is the rule, ponderosa pine and Douglas 
fir often occur in extensive pure stands, or they may be mixed more or 
less equally. Abies concohr may occur pure, but to a lesser degree, while 
Pinus lambertiana and Libocedrus are practically always found in mixture, 
of which they rarely make more than 15 per cent. Sequoia giganieay 
which is localized in the central Sierras, is occasionally found in pure 
communities but is usually associated with Pinus lambertiana and Abies, 
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The most important subclimax tree is Finns attenuata, which ranges 
throughout the Sierras as a dominant in burns. In general, however, 
fire-swept areas are covered for a long time by a subclimax chaparral 
very like that of the foothills in ecological behavior but composed, for 
the most part, of different species of the same genera, Ceanothus, Arcto- 
staphylosj QuercuSj PrunuSj Rhamnus, etc. With the return of the forest, 
these persist in decreasing number and abundance as a shrubby layer 
until the dense canopy of the climax precludes the great majority of 
them. As the shrubs decrease, the herbaceous layers become more 



Fig. 266. —Sierran montane forest of ponderosa pine, sugar pine (Pinua lamhertiana), and 
white fir (Abies concolor), Yosemite, Calif. (Photograph hyG. E. Nichols.) 

important and remain characteristic of all but the densest climax por¬ 
tions. The genera are largely the same as in the Petran association, a 
small number such as Adenocaulon, Microseris, MonardeHa, and Lotus 
being restricted wholly or chiefly to the Sierran region. 

The Deciduous Forest 

Extent and Nature. —This is unique in being the only formation of 
the deciduous life form on the North American continent, though there 
are relicts of related communities on the Pacific Coast and in Mexico. 
It is directly related to the similar forest of central Europe and Asia, 
the generic dominants being practically the same but the species almost 
wholly different. It is essentially a temperate forest, in contrast with the 
coniferous forests of the boreal and mountain regions, on one hand, and 
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the evergreen tropical forest, on the otblBr. Together with the grassland 
it forms the great vegetational mass of the continent, and their broad 
contact and reciprocal movement render it desirable to treat them in 
sequence, in spite of the difference in life form. The striking feature of 
this relation is the great wedge that has been driven into the forest by 
climatic changes, the apex of which lies in northwestern Indiana, while 
outposts of the movement are still to be found in Ohio and Michigan. 

The general northern limit of the deciduous forest runs from central 
Minnesota along the southern shore of Lake Superior eastward to south¬ 
western Qiu^bec. Throughout much of Nova Scotia and New Brunswick, 
except the colder coastal regions, it alternates or mixes with the boreal 
forest, and it bears a somewhat similar relation to this and the pine- 
hemlock forest along the northern shores of Lake Huron and Lake 
Superior to its northwestern edge in Manitoba. From southern Maine 
it stretch(*s south to central Georgia, southern Louisiana, and eastern 
Texas. Relicts of it occur throughout the coastal plain and as far south 
as the Everglades and indicate that the pine forests of this region are to 
be regarded as sidxjlimax. On the west, a fairly continuous body of 
hardwoods extended from northeastern Texas and adjacent Oklahoma 
through the southern half of Missouri and lower Illinois to Indiana and 
theiu'c northwest through southern Wisconsin to southeastern Minnesota. 
Long tongues of the oak-hickory association persist along all streams of 
the true prairie and in reduced form along tlie rivers of most of the mixed 
prairie. Two large bodies of xeric species of oak occur in Texas and 
Oklahoma, where they are known as Cross-Timbers and constitute 
relicts of a former much wider extension of this formation. 

As already suggested, the decuduous forest has no phylogenetic rela¬ 
tionship with any other existing climax of North America, its nearest 
relatives being the similar forests of Eurasia, from which it has long been 
separated. The evidence from paleoecology, however, shows that many 
of its dominants once stretched much farther west and indicates that the 
oak communities of the Pacific slope are remnants of such early forests. 
The longest and most significant contact of the hardwood forest is with 
the prairie, the two alternating over a large portion of the middle west. 
On the north, the interruption caused by the Great Lakes has served to 
obscure the conta(;ts with the coniferous climaxes and the three climaxes 
mix and alternate with each other to almost every conceivable degree. 
The climatic limit on the south and east is probably the Gulf of Mexico 
and the Atlantic Ocean, but the actual contact is with a broad belt of 
pines mixed with hardwoods, with which the relation is that of climax and 
subclimax. 

As in other vast formations, the climatic relations exhibit a .wide 
range, the rainfall from east to west and the temperature from north to 
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south. The maximum precipitation occurs in the south and east, where 
it reaches 50 to 60 inches; the minimum is found in the northwest with 
less than 30 inches, owing to the compensating action of decreased 
evaporation. For the same reason, the western margin of the hardwood 
climate runs from somewhat more than 35 inches in Texas to about 25 
inches in Minnesota. The growing season in the northern portion is 
about 5 months with an average temperature of about 60°F., while for 
the southern part it is 2 or 3 months longer and the average al)out 65°F. 

The unity of the climax is shown by the large number of major domi¬ 
nants that occur through the major portion of the area. This is tnie 
not only of many species of Quercus and Cary a but also of the ultimate 
dominants with the highest requirements, such as Tilia, Acer, and Fagm. 
Practically all three of the latter attain the northern and southern limits 
or approach them, while Fagus is found all along the main body of the 
forest, Acer reaches the true prairie along the Missouri, and Tilia has 
persisted still farther west. Such subclimax genera as Bctula, Fraxinus, 
Juglans, and Ulmus, moreover, are widespread, maintaining the same 
general relation in all the associations. Finally, there is also great unity 
in the shrubby and herbaceous undergrowth, many species occurring 
from the Atlantic Coast to the Missouri, well beyond the limits of the 
climax climate. 

The threefold differentiation of the formation has been chiefly a 
consequence of the climatic influence of the Appalachian system in the 
east and of the steady decrease in rainfall toward the west.'"’'* The one 
has produced a grouping of dominants of relatively restri(‘ted range, 
such as Castanea, Liriodendron, Quercus montana and its relatives, while 
the other has transferred the dominance to Quercus and Carya, which 
make somewhat smaller demands. In accordance with these facts, it is 
necessary to recognize three related associations, viz.: (1) maple-bet^ch, 
(2) oak-chestnut, and (3) oak-hickory. A further reason of great 
significance is that the deciduous climax has been the scene of a remarka¬ 
ble evolution of arboreal species and this has played an inevitable part 
in the structure of the associations. Recent intensive studies of decidu¬ 
ous forest in the Appalachians reveal a mixed association (comparable to 
the mixed prairie and thus more or less representative of the original 
undifferentiated complex.®^ *''* 

The Maple-Beech Forest.— This is regarded as the typical as.so(*iation 
of the climax, because of the greater requirements of the dominants and 
their smaller number and of its greater similarity to the old-world forest. 
It characterizes the more humid and cooler northern and eastern portions 
of the climax area, and the two major dominants, Acer saccharum and 
Fagus grandifolia, are the most tolerant of shade. Although beech is 
theoretically the ultimate dominant, the requirements of the two are so 
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nearly the same that they are regularly associated on more or less equal 
terms. Other important dominants are Betula lutea, Tilia americafta^ 
Quercus borealis^ Q. alba^ Q. bicolor, Liquidambar styracifiua, Castanea devh 
tala, and Liriodendron tuUpifera, All but the first two are more important 
in their respective associations, and their abundance increases in the 
corresponding ecotone. A frequent constituent is the hemlock, Tsuga 
canadensis, which has much the same requirements as the maple and 
beech and is often found associated with both but the latter espe¬ 
cially. It is, however, regarded as a relict of a former southward 



Fig. 257.—Climax of beech {Fagvs grandifotia) and maple {Acer aaccharum) in northern 

Indiana. 

extension of the pine-hemlock forest, owing to its preference for cool 
north slopes or deep valleys, and not as a member o|^ the climax proper 
(Fig. 257). Ash, elm, red maple, walnut, and other species of birch like¬ 
wise occur with beech and maple, but they are considered as members of 
a subclimax stage belonging to the hydrosere.®^^ 

The general effect of fire in the maple-beech association is to develop 
or maintain a subclimax of oak-hickory. This is essentially a preclimax, 
since the oaks and hickories are more xeric and are found throughout 
the association on hills, drier slopes, and on lighter soils as the subclimax 
stage of the xerosere. To the north and east, however, where pines occur 
in abundance, the rule obtains and a burn subclimax of one or .more 
species of jack pine or similar scrub pines develops. Along the contact 
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with the pine-hemlock forest, this is regularly the jack pine proper, Finns 
banksianaj where it is present, but much the most significant communities 
of this type are found from the New Jersey pine barrens south and west¬ 
ward along the coast to Texas. A number of species are concerned, 
ranging from P. rigida^ P. echinataj and P. virginiana in the north to P. 
echinata, P. taeda, and P. palustris along the south Atlantic and Gulf coasts, 
to eastern Texas. The extent of this great pine bolt has naturally led to the 
assumption that it is climax in nature, but its ecological character, as well 
as actual successional studies at widely separated points, leaves little or 
no doubt that it is essentially a fire subclimax.®®^'^^® ****® *’”* 

Probably no other forest climax in North America exhibits such a 
wealth of societies as the deciduous forest. A large number of these 
range throughout from east to west, though their extension from north 
to south is not so great. There are a consid(?rable number of small trees 
such as Carpinus, Ostryay PrunuSj Cornus floriday Acer, Sassafras, Cra¬ 
taegus, and AlnuSy while shrubby species of the upper and middle layers 
are usually much more abundant. The chief members of the upper shrub 
layer, which is often merged with Ostrya, Cornus, etc., are Haniamdis, 
Zanthoxylum, Amelanchier, Pyrus, Rhus, Ilex, and Viburnum. Lower 
species of the last two are frequently associated with Cornus, Corylus, 
Rubus, Rhus toxicodendron, Symphoricarpos, etc.**^^'^^^^ In mountain 
regions, members of the heath family, Oxydendron, Vaccinium, Kalmia, 
and Rhododendron, often become important or characteristic!. 

The herbaceous societies constitute three or four aspects, of which 
the vernal and autumnal are the most striking. The vernal societies 
make most of their growth while the canopy of leaves is still somewliat 
open, and contain many species wdth well developed undejrground parts 
that promote early flowering. Among the most important of these 
are Eryihronium, Sanguinaria, Claytonia, Dicentra, Vvularia, Trillium, 
Arisaema, Anemone, Anemonella, Isopyrum, Viola, Aquilegia, Smilacina, 
Polygonatum, Geranium, and Phlox, together with Orchis, Cypripedium, 
and other orchids. The summer aspect is usually characterized by such 
shade plants as Impatiens, Laportea, IJrtica, Sanicula, Osmorhiza, etc., 
while the autumn is marked by a host of composites, especially Aster, 
Solidago, and Eupatorium. These attain their best expression in more 
open woods, especially of the oak type, where the first two genera may 
each be represented by a half-dozen species. A striking feature of the 
woodland societies is the relative abundance of genera with spiny or 
hooked fruits, such as Agrimonia, Desmodium, Phryma, Lappula, etc. 

The Oak-Chestnut Forest. —The characteristic dominants of this 
association are the chestnut, Castanea dentata, the chestnut-oak, Quercus 
montana, scarlet oak, Q. cocdnea, and tulip tree, Liriodendron tulipifera. 
The red oak, Quercns borealis, and white oak, Q. alba, are frequent 
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associates, as well as Liquidambar and Carya ovata. It is in this associa^ 
tion that the number of species of trees reaches a maximum, with a 
corresponding variety in the composition of the community. Like the 
other two associations, it has been much modified by fire and cutting 
where it has not been cleared for cultivation, but it has been further 
changed in the last three decades by the ravages of the chestnut blight, 
which has killed this dominant over most of its range. 



Fig. 258.—Longlciif piiio {Pinus jiolustris), in Alabama. (Photograph, courtesy of U. S. 

Forest Service.) 


This association lies in contact with the maple-beech on the north, 
and a more or less broken tongue of the latter extends southward along 
the Appalachian axis. On the west it is bordered by the oak-hickory 
forest, though in the Mississippi Valley the two are more or less separated 
by a broad belt of swamp forest.®-*^ In the Piedmont region of the 
southeast this community passes into one composed of oak-hickory and 
pines that stretches to the coast, the subclimax pines often appearing 
to be a true climax where fire has more or less completely removed the 
oaks. Through the region of the oak-chestnut forest, the oak-hickory 
community also represents a preclimax characteristic of drier sites or 
thinner soils. In its most xeric form it is composed of the post oak, 
Quercas siellata, and blackjack, Q. marilandica, and recurs through the 
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major part of the entire formation. The pine subclimax is sometimes a 
preclimax, in which one species is regularly dominant; this may be 
loblolly pine, Pinus taeda, shortleaf pine, P. echinaia, pitch pine, P. rigida, 
or longleaf pine, P. paliistris, with more or less P. virginiana, P. seroiina, 
or P. carihaea, according to the region (Fig. 258). 

Coastal and fluvial swamps from Virginia to Texas exhibit a typical 
forest community that seems postclimax in nature, though it is actually 
a stage in the hydrosere. Its most striking dominant is the swamp 
cypress, Taxodium distichum, or the sour gum, Nyssa aquatica, though 
these frequently occur as codominants. The transition to the climax is 
marked by the water oak, Quercus nigra, sweet gum, Liquidamhar, swamp 
oak, Quercus prinus, or live oak, Q. virginiana. Farther north these 
dominants mix with the sycamore, Platanus occidentalis, ash, elm, silver 
maple, etc., which constitute a subclimax of the maple-beech and oak- 
hickory associations. 

The Oak-Hickory Forest. —The major dominants of this association 
are red oak, Quercus borealis, black oak, Q. velutina, white oak, Q. alba, and 
bur oak, Q. macrocarpa, shellbark hickory, Carya ovata, and mockermit, 
C. alba, with pecan, C. pecan, in the southern portion (Figs. 56 and 57). 
A number of other species play an equally important part in more 
restricted regions or are found more or less scattered throughout. Such 
are scarlet oak, Quercus coccinea, willow oak, Q. phellos, laurel oak, Q. 
imbricaria, Q. muhlenbergii, Q. rubra, Q. texana, pignut, Carya glabra, 
and bitternut, C. cordiformis. Two other oaks, Quercus siellata and Q. 
marilandica, are frequent associates, but they belong largcdy to the sub- 
cliinax. Dominants from the other associations are abundant in the 
respective ecotones and some occur more or less widely through it, partic¬ 
ularly Acer saccharum and Tilia americana. In addition, this clim.ax 
regularly forms mixtures with the siibclimax dominants of lowlands, 
such as the swamp oaks, red gum, Liquidambar, ash, elm, w^alnut, etc.®’* 
(Fig. 259). 

The oak-hickory forest is much more interrupted than the two related 
associations, owing to the intrusion of the prairie through its entire length 
from Canada to the Gulf of Mexico. On the west, it stretches from 
southeastern Minnesota to central Indiana and thence southwestward 
through southern Illinois and Missouri to eastern Oklahoma and Texas. 
It is abundant in southern Michigan, but it regularly alternates there 
with the maple-beech forest, which occupies the better soils. This same 
preclimax relation obtains through much of Indiana and Ohio and recurs 
practically throughout the entire deciduous formation where soil or 
slope exposure delays the development of the climax or fire destroys the 
latter. It reaches far out into the prairie climax, though with the domi¬ 
nants steadily dropping out; in southeastern Nebraska, most of the 
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major dominants are present, but the majority disappear in the first 
hundred miles and only one, Quercus nmcrocarpa, persists into north¬ 
eastern Wyoming.*’^^® In the southeast, the oak-hickory climax lies 
between the oak-chestnut association and the coast, but it has been 
replaced over much of this region by the fire subclimax of pines. The 
relict areas of beech in this region suggest that the oak-hickory com¬ 
munity was once subclimax to an original maple-beech association.®®*'®** 
Extensive areas of oaks, the Cross-Timbers, occur as two massive belts 
through central Texas and extend more or less broken into Oklahoma.**® 



Fig. 259.—Mixed forest of white oak, shagbark and pignut hickory, etc., in winter, in 
northern Indian;!. {Photograph, courtesy of U, S. Forest Service.) 


These have usually been regarded as portions of the oak-hickory forest, 
but this is hardly true in the climax sense. They are composed almost 
wholly of post oak and blackjack, Quercus stellata and Q. Tmrilavdica, 
which are usually not true climax dominants. On careful examination, 
the Cross-Timbers have proved to be chiefly oak savanna, in which the 
grasses are climax dominants. The soil is typically light and sandy, 
and the oaks are relicts from a former moist phase of the climatic cycle 
that have been able to maintain themselves against the competition of 
the grasses by virtue of the favorable chresard of the sandy soil. In this 
prairie climate, the oaks constitute a postclimax, since the climax forest 
would return in the event of a shift to a wetter climate. Conversely, 
the post oak and blackjack constitute a subclimax in the succession within 
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the mass of either of the three climax associations and, hence, a preclimax 
that would become dominant in the case of a swing to a drier climate. 

The relation of the oak-hickory association to the subclimaxes in 
swamps and in burned areas is much the same as that indicated for the 
oak-chestnut forest. The dominants of the cypress swamp are essentially 
identical and the development into the climax takes place through the 
agency of practically the same species. This is also true, in a large meas¬ 
ure, for the pine subJimax, though the northerly species have dis¬ 
appeared, leaving the widely distributed Pinus echinataj P. taeda, P. 
palustrisj and the more southern P. caribaca. Through the northern part 
of the association, the associes of river bottoms consists of ash, elm, silver 
maple, walnut, and sycamore or cottonwood, as in the case of the other 
two associatic’^s (Fig. 60). 

THE GRASSLAND CLIMAX 
The Prairie 

Extent and Nature. —The grassland or prairie formation is the most 
extensive and the most varied of all the climaxes of the North American 
continent. It ranges from southwestern Manitoba, southern Sas¬ 
katchewan, Alberta, and British Columbia to the highlands of central 
Mexico and from western and southern Minnesota to northwestern 
Indiana, southern Illinois, central Missouri, and eastern Texas to the 
coast of California and Low^er California. Some of the dominants persist 
in the tail-grass postclimax, which occurs as outposts in Oliio and Michigan. 
The eastern half is massive and is broken only by the fringing forests 
of river valleys, but the western is greatly interrupted by the many 
mountain ranges and its continuity much reduced in consequence. In 
altitude the prairie ranges from the seacoast in Texas and California to 
the grassy parks of the Rocky Mountains at 7,000 to 9,000 feet, though 
the upper limit here rarely exceeds 6,000 feet and elsew^here it is usually 
much lower. 

The prairie owes its character to the dominant grasses, most of wdiich 
assume the life form known as hunch grass. In general correspondence 
with the rainfall, these fall into three well defined groups based upon 
stature and known as tall grasses, mid grasses, and short grasses, which 
are more or less characteristic of the various associations. With the 
grasses are associated a much larger number of subdominant forbs, which 
often give the prairie a distinctive tone and fall into mixed socdeties in 
accordance with the season or aspect. Woody plants are few in species 
and generally unimportant because of their low stature, except where 
disturbance, and especially grazing, has given them an advantage. Over 
large areas of climatic grassland, sagebrush, mesquite, or similar shrubs 
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are abundant and often appear to be controlling, but these are almost 
invariably responses to overgrazing (Jig. 237). Similar savannas of 
mixed trees and grasses are frequent around the margin of the formation, 
as well as where it lies in contact with montane or deciduous forest, or 
with woodland, but these are primarily postclimax areas left in conse¬ 
quence of climatic changes. 

Like the deciduous forest, the prairie finds its nearest relative in 
Eurasia, the steppes of Russia and adjacent Asia being prairies in all 
essential respects. They are to be regarded as descendants of one original 
grassland, identical in their basic climatic and ecological relations but 
differing considerably in the component genera and much more in the 
species. There is also a certain degree of phylogenetic relationship with 
the pampas of South America and at least a significant interchange of 
species between the grassland and the tundra, alpine as well as arctic. 

The grassland (dimax lies in contact with more formations than any 
other on the continent. The sole complete exception is the tundra, 
though the contact with the subalpine and the lake forest is slight. 
The outstanding relations are with the deciduous and montane forests, 
with the woodland climax, and with the three scrub climaxes—sagebrush, 
chaparral, and desert scTiib. The main body of the prairie touches the 
deciduous forest throughout the entire length of its greatly indented 
western border and comes in contact with the montane forest along the 
front rang(^s of the Rocky Mountains. In New Mexico and Arizona, it 
usually confronts the Avoodland climax above, as also in the southern 
portion of the Great Basin, while below it alternates and mingles with 
the desert scrub and sagebrush. In California it is bordered by the 
coastal sagebrush and chaparral above, and in the northwest it lies in 
contact with the montane or transition forest. 

In general, the climax prairie lies w^est of a rainfall of 25 to 30 inches 
in the north and of 35 to 40 inches from eastern Illinois to central Missouri, 
eastern Oklahoma, and Texas. There is a general correspondence 
between the main body of the formation in the middle w^st and the region 
in which 70 per cent of the annual precipitation comes between April 1 and 
September 30, but this is less significant than it seems. As a consequence 
of its peculiar life form, grassland occupies wide limits between climax 
forest and xeric scrub or woodland. In terms of rainfall, this means a range 
of 35 to 10 inches or less, with great differences in distribution likewise. 
From a summer precipitation of 70 to 80 per cent of the annual amount in 
the middle west, the percentage drops to 40 to 50 in Arizona and to 10 
to 20 along the Pacific Coast, the rainfall changing from the summer to 
summer-winter and then to the wdnter t3rpe. The primary correlation 
is with rainfall sufficient in amount and frequence at a time of favorable 
temperatures to permit the growth and reproduction of the grass ddmi- 
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nants. The closeness of this correspondence is exemplified by winters of 
two rainfall maxima in California, during which the grasses bloom in 
December and again in the spring. The wide range of temperature for 
the grassland is shown by the fact that it meets winter extremes of — 50°F. 
or lower in Canada and summer ones of 120°F. in the south; the season in 
the north is but 3 to 4 months; while in the south and along the Pacific 
Coast frost may occur but rarely if at all. Throughout this vast area, 
however, the grasses pass a long period in the resting stage, in relation to 
low temperatures in the north and low' rainfall in the south and west. 

The unity of the grassland climax is evidenced, in the first place, by 
the large number of genera that occur as dominants more or less through¬ 
out, such as Stipa, Agropyron, Koeleria, Poa, SporoboluSy ElymuSy and 
Boutcloua, Even more significant is the occurrence of such species as 
Stipa comatay Koeleria cristatay Agropyron smithii, Poa scabrellay Elymus 
sitanion, Aristida purpureay and Boutehua gracilis in all or nearly all the 
associations. Other dominants, like Andropogon scopariuSy A. furcatuSy 
A. saccharoideSj Elymus canadensis, Sporobolus cryptandruSy and Bouteloua 
curtipenduhiy are found in three or four of the six climax associations. 
Genera of the subdominants are also largely th(i same through the entire 
formation, though it is only exceptionally that the same species grows in 
the different associations. The unity of the climax is further indicated by 
the mixed prairie with its short grasses and mid grasses, which serves to 
connect the true prairie with the bunch-grass prairies and the desert 
plains. Even the Pacific prairie of California, w^hudi is today completely 
shut off by desert and mountain from its related associations, has prac¬ 
tically all the dominant genera and some of its species in common with 
them. 

The True Prairie.—Tlie dominants of this association are mid gra.sses 
of both the sod and the bunch life form. The major dominants are 
Stipa spartea, Sporobolus asper, S. heterolepis, Andropogon scoparius, 
Koeleria cristata, Agropyron smithiiy and Bouteloua curtipendula, often 
with Andropogon furcatus and Sorghastrum nutans from the postclimax 
and Stipa comata from the mixed prairie. Such short grasses as Bouteloua 
gracilis, B, hirsuta, and Buchloe dactyloides are not infrequent, but they 
constitute relict areas of little extent, except where favored by over- 
grazing. Agropyron is a sod former, Andropogon scoparius and Bouteloua 
curtipendula are intermediate in habit in this community, while other 
major dominants are bunch grasses. Stipa spartea, Sporobolus asper, and 
S. heterolepis are the three most characteristic dominants, since they do 
not occur as such in any other association™^ (Fig. 233). 

Cultivation has almost completely removed the true prairie over most 
of its area and its original limits have been pieced together only during 
the past decade from the numerous relatively small and scattered 
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fragments. It occupies a fairly distinct belt between the tail-grass 
and mixed prairies, reaching from Manitoba into southern Oklahoma. 
To it belong southern Manitoba, western and southern Minnesota, 
southern Wisconsin, northwestern Indiana, most of Illinois, northern 
and western Missouri, and the eastern half of Oklahoma; the western 
limit runs from Oklahoma through central Kansas and Nebraska north¬ 
easterly through the Dakotas. Because of the gradual change of climate 
from the postclimax to the mixed prairie, the influence of topographic 
features, and the all but complete removal of the original cover over large 



Flo. 260.—True prairie in eastern Nebraska showing dominance of June grass {Koderia 
cristata) following the great drought. 


areas, the exact limits of the several prairies can never be set, and the 
boundary lines drawn on any map can be only geheral approximations 
(Fig. 260). 

This association is most closely related to the mixed prairie and some¬ 
what less closely to the postclimax prairie with both of which it is in con¬ 
tact, as well as being nearly enclosed by them. It forms a broad ecotone 
with the first on the west and with the second on the east, in which the 
respective dominants meet on nearly equal terms. Several of its domi¬ 
nants are more abundant in the mixed prairie, and this is strikingly the 
case with' the relict short grasses. The ecotone on the east has been 
broadened by the much greater destruction of the bunch grasses during 
the period of settlement and the consequent encroachment of the coarse 
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bluestems, Andropogon furcatus and Sorghastrum nutansy which have 
spread well into the climax itself. 

The true prairie contains a larger number of striking societies than any 
other association of the grassland. The postclimax prairie receives more 
rain, but this advantage is offset by the larger demands of the tall grasses 
and their overshading action, while the number in the mixed prairie and 
other associations is rt^stricted by the lower rainfall. The dominant 
grasses and the subdominant forbs are in active competition for water 
and, to a smaller extent, for light and nutrients, but, as a rule, the grasses 
have a decisive advantage and societies can flourish only where there is 
enough water for both. Competition between societies is avoided in a 
considerable degree by their flowering at different seasons, as a result of 
which throe characteristic aspects develop. The number of siibdomi- 
nants in each is usually large, and hence the societies are mixed, consist¬ 
ing of several fairly abundant species. The spring aspect is marked 
especially by Astragalus crasstcarpus^ Baptism leucophaea, Callirrhoe 
alcaeoideSy Phlox pilosOy Sisyrinchium angustifoliuniy species of Litho- 
spermuniy Viola pedata and V. pedatifiday Aiiemone caroUniana, Trades- 
caniia virginianay etc. The summer aspect exhibits mixed societies of 
two or more of the following, together with a host of less important ones: 
Psoralea tenuifloray P. argophyllay Erigeron ramosusy Amorpha canescens, 
Petalostemon candidus, P. purpureuSy Glycyrrhiza lepidotay Echinacea 
palliday E. angustifoliay and Helianihus rigidus. Tlie societies of late 
summer and autumn are composed chiefly of composites, largely species 
of SolidagOj AsteVy and LiatriSy together with CoreopsiSy BidenSy Kuhniay 
Artemisiay CarduuSy HelianthuSy and Venwnia (Figs. 4 and 8). 

The Tail-grass Prairie. —This consists of tall grasses, often 6 to 8 f(‘('t 
high and belonging mainly to the sod-fonning type.^^® Over most of the 
area the major dominants are Andropogo7i furcatusy Sorghastrum nutansy 
and a tall form of Andropogon scoparius. With these occur more or less 
abundantly Elymus canadensis and Panicum virgatuMy and, less fre¬ 
quently, two mid-grass dominants of the true prairie, viz., Stipa spartea 
and Sporobolus asper.^^^ In the south, there are, in addition to the three 
major dominants, a large number of regional dominants, such as Andro¬ 
pogon glomeratuSy A. ternariuSy ErianthuSy Elyonurusy Hcteropogony 
Trachypogon, and Paspalum, 

Tail-grass prairie occurs in three forms characterized by the same 
general dominants but of different ecological import. The most familiar 
lies within the deciduous forest or forms a narrow, interrupted belt along 
its margin (Fig. 261). It is preclimax to the forest and may also serve 
as a subclirnax in its development; at the same time it is a postclimax to 
the true prairie. In this latter relation it is found generally in sandy 
plains, sand hills, and other dune areas in the grassland, the most notable 
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being the sand-hill complex of central Nebraska. In these the tall 
grasses already mentioned are suppleiriented by others, such as Caior 
movilfa longifolia, Andropogon halliif Eragrostis trichodes, and Triodia 
flava. Even more widely distributed but often misinterpreted is the 
community derived by the movement of the andropogons from valley 
and lowland into the true prairie as a result of disturbance. This con¬ 
stitutes a disclimax that has often been mistaken for a true climax ill the 
eastern part of the true prairie especially. 

The societies of the postclimax prairie are essentially those of the true 
prairie, reenforced by additions from the deciduous forest and the mead- 



Fiu. 2()1.—Tall-grasB postclimax of Andropogon furcatus and SorghoitTum nutans near Lake 
Village, northwestern Indiana. 

ows included in it. The number of species of composites is considerably 
larger, especially of Aster, Solidago, Silphium, and Helianthus, 

The Coastal Prairie.—From its general location near the Gulf of 
Mexico, this association has the highest rainfall of any, though this is 
partly offset by a longer season and greater evaporation. The mid 
grasses tend to approach the tall grasses in stature, and the number of 
dominants is likewise increased (Fig. 262). A significant feature over 
much of its area is the presence of short grasses of the genera Bouteloua^ 
BvMoe, and Hilaria, producing a resemblance to mixed prairie. The 
latter differs, however, inasmuch as the short grasses are climatic domi¬ 
nants, while in the coastal prairie their presence is due primarily to over- 
graring. They are more abundant in the west and are moving eastward 
in the wake of grazing, the eastern portion consisting of the original taller 









522 


PLANT ECOLOGY 


grasses alone. A similar result has taken place in the true prairie of 
eastern Kansas and Nebraska, where Buchloe in particular has spread 
far eastward and frequently forms a pure stand in pastures. 

The major dominants of the coastal prairie are Andropogon sac- 
charoides and Stipa leiicoiricha; the latter, in particular, serves to dis¬ 
tinguish it from the true prairie to the north and the mixed prairie on 
the northwest. Even more than Stipa spartea, it finds its limits within 
the association to wdiich it gives character. In addition to the two 
andropogons and goldstem from the postclimax prairie, there is a large 
number of regional dominants in the southeastern portion especially, 



Flo. 262.—Coastal prairio of Stipa leucotricha, Travis County, Tex. {Photograph by 

B. C. Tharp.) 


notably Elyonurus, TraAdiypogon^ Erianthus, Paspalum^ SporoboluSy and 
Heteropogon. The short grasses arc Buchloc dactyloidesy Hilaria cen- 
chroideSy Bouteloiia trifiday B. texaruiy and B. hirsutUy together with the 
slightly taller Cenchrus tribuloides and Panwum obtusum. In the number 
of dominants and the wealth of genera and species of grasses, this associa¬ 
tion excels all others of the grassland formation.**^” 

The closest relationship of this community is with the true prairie, 
though the line of contact with this is narrower than with either the 
mixed prairie or the desert plains. Its major dominants belong to the 
same genera, and it bears a similar relation to the postclimax associes, into 
which it passes on the east. It possesses Stipa, Boaieloua, Buchloe, and 
Arisiida in common with the mixed prairie, but the first alone as a climax 
dominant. The short grasses HUaria, Bouteloua trifida, and JB. texana 
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are derived from the desert plains, but these two associations have no 
climax dominant in common owing to the marked difference in rainfall. 
The societies belong to much the same genera as those of postclimax and 
true prairie, but there are naturally more species of southern origin. 

The Mixed Prairie. —This community owes its name to the fact that 
the climax comprises both mid grasses and short grasses, on more or less 
equal terms. The major dominants of the widest distribution are Stipa 
comaiaj Sporobolus crypiandrus, Agropyron sjnithii, and Koeleria criatata 
of the mid grasses, and Bouteloua gracilis and Buchloe dactyloides among 



Fto. 263.—Mixed prairie of Stipa, CalamovUfa^ BmiteXoua, an(l Carex, near Agate, Neb. 

the short grasses. Intermediate in stature are Hilaria jamesii, Elymus 
sitanion^ Bouteloua curtipendula, and Aristida purpurea. Additional short 
grasses and sedges of importance are Bouteloua hirsvta, Carex aiifolia^ C. 
stenophyllaj and Muhlenhergia gracillima, while Stipa viridula is abundant 
in the north and S. pennata in the south (Figs. 235 and 263). 

The mixed prairie covers by far the largest area of any of the grassland 
associations, stretching from northern Alberta and Saskatchewan through 
the Staked Plains of Texas and from central North Dakota and Oklahoma 
on the east to western Wyoming and eastern Utah and southw’estward 
through northern New Mexico and Arizona to the Colorado Valley.®*'^’' 
147,693,779 While it is not uniform through this vast extent, the presence of 
the major dominants over nearly all of it leaves no doubt of its unity. The 
chief modification is a result of overgrazing, in consequence of which 
the mid grasses are often little in evidence and the short-grass plains .thus 
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produced appear to be climax in nature.®**® The next most important 
variation is due to the distribution of the many dominants, by which the 
composition changes from north to south particularly. While the four 
major mid grasses, together with Bouteloua gracilis and Aristida purpurea, 
are found practically throughout, they vary much in importance azid with 
the regional dominants form various combinations within the association. 
Stipa viridula, Carex filifoUa, and C. stenophylla are largely restrict(?d to 
the northern portion, Buchloe and Aristida are most abundant in the 
middle region, and Hilaria, Stipa pennaia, Elymus sitanion, and Muhlen^ 
bergia torreyi are wholly or largely southern. The closest relationships 
of this association are with the true prairie; with the desert plains and 
coastal prairie next, though it possesses several dominants in common 
with the Pacific prairie, in spite of the isolation of the latter. 

The transition from the true to the mixed prairie is very gradual and 
the corresponding ecotone unusually broad. The best limit is set by the 
disappearance of Stipa spartea and Sporobolus asper, which are replaced 
in the mixed prairie by very closely related species, S. comata and S. 
cryptandrus. In Nebraska the relation is further disturVjed by the 
extensive sand-hill region, in which the high chresard favors a postclimax 
of tall grasses far beyond their proper climate. The societies of the mixed 
prairie are largely derived from the true prairie, in the central portion, at 
least, and the decrease in the number and abundance of these also serves 
to mark the change from one association to the other. With the decrease 
in rainfall of 10 inches, the more mcwsic forbs disappear or are mucli 
reduced in stature or abundance, with the result that societies play a 
much less important part, especially in a rainfall of 15 inches or less. 
Psoralea tenuiflora, Petalostemon, Tradescantia, Helianthus rigidus, 
Solidago missouriensis, Liatris punctata, etc., persist over much of the 
area, especially in sandy soils or on broken hills with more available water, 
but more xeric subdominants from the west are now more important. 
Among these are Oxytropis lambertii, Sophora sericea, Malvastrum coc- 
dneum, Artemisia frigida, Gutierrezia sarothrae, several species of Astraga¬ 
lus, PentstemoUj and Opuntia. 

The Short-grass Disclimax. —Over a large portion of the mixed 
prairie, especially where rainfall and evaporation are less favorable, the 
mid grasses are usually inconspicuous or even absent. As a consequence, 
such stretches were long regarded as a distinct climax, under the name of 
short-grass plains. During the last decade, evidence has been accumu¬ 
lated from various sources, which makes it clear that the dominance of 
the short grasses is a result of overgrazing. This greatly handicaps the 
taller grasses and correspondingly favors the short grasses; it has been so 
widespread and serious as to justify the^ impression that the short-grass 
plains are the most xerophytic climax of the grassland formation. Three 
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Bources of evidence have, however, combined to prove that it is a modi¬ 
fied form of the mixed prairie. In all pl^otected places, as well as in those 
where sandy soil or broken topography increases the water available, the 
mid grasses still persist. Even more convincing evidence has been 
secured from exclosures fenced against cattle, in which the mid grasses 
return in a few years. Further, when the pressure of grazing is offset by 
normal or excess rainfall, the taller grasses are also able to compete with 
the short ones on equal terms or even to dominate them more or less com¬ 
pletely. Finally, photographs taken by the Hayden Expedition in 1870 
prove beyond any question that the undisturbed cover of the Great 
Plains w-^as dominated by mid grasses. Under overgrazing, the sub- 
dominant forbs may suffer as much as the mid grasses, and the short-grass 
plains are often an almost unbroken sod of BovMoua and Bwhhe (Figs. 
234 and 238). 

The Desert Plains. —This is the most xerophjrtic association of the 
grassland, stretching as it does from southwestern Texas through south¬ 
ern New Mexico and Arizona and northern Mexico. This is reflected in 
the stature, the true climax dominants being almost wholly species of 
Bouteloua and Aristida. In consequence, it most nearly resembles the 
short-grass disclimax of the Great Plains and is hardly to be distin¬ 
guished from it in appearance when overgrazed. Its major dominants 
are Bouteloua eriopoda, B, rothrocki, B, filiformis^ B. gracilis^ and B. 
hirsuta; Aristida divaricata, A. purpurea, A. californica, and A. arizonica; 
and Hilaria cenchroides. The only mid grass that belongs definitely to 
this group is Muhlenbergia porteri, but there are a number of similar 
species that are found in sand, in depressions, or on rough slopes and are, 
hence, somewhat,postclimax in nature. Of those the most important are 
Bouteloua curtipendulaj Andropogon scoparius, A. saccharoides, Panicum 
lachnanthum, Heteropogon, Sporobolus cryptandrus, Eragrostis, Leptoloma, 
etc. Most abundant of all, though to be regarded partly as a subclimax, 
is Hilaria muiica, which dominates extensive depressions or “swags” 
throughout the association, usually with a short grass, Scleropogon, as 
its associate (Fig. 264). 

The chief contact of the desert plains is with the mixed prairie through 
its entire length on the north, and the two are mixed over a broad ecotone. 
Along the escarpment that rises from the Colorado Desert, it sweeps 
northward and replaces the mixed prairie in this region of low rainfall. 
At its eastern limit it touches the coastal prairie and contributes to it most 
of its short grasses. The northern boutelouas, together with Andropogon 
and Hilaria cenchroides, constitute the upper belt in the foothills at 4,000 
to 6,000 feet, where they regularly form a savanna with several species of 
oaks. Owing to the dry subtropical climate, the major portion of this 
association is dotted with desert shrubs of the genera Larrea, Prosopis, 
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Acada, CeltiSj Ephedra, Flourensia, Opuntia, etc., which are often so 
increased by overgrazing as to simulate a scrub climax. 

Intensive overgrazing has also produced a disclimax of annual grasses 
chiefly of the genera Bouteloua and Aristida, and of annual forbs, which 
develop during the summer rains and cover most of the area at the lower 
elevations. Even more striking are the vast societies of winter annuals, 
which often stretch for many miles in successive pure stands. The 
perennial societies of midsummer are represented largely by undershrubs 
such as Haplopappus, Gutierrezia, Psilosirophe, and Zinnia.^^"^ 



Fig. 264. —Desert plains grassland with Yucca radioaa. Empire Valley, Aris. 


The Pacific Prairie. —This association consists of mid grasses of the 
bunch life form and, hence, has much the same general appearance as 
the mixed and true prairies. This is enhanced by the fact that it has one 
dominant, Stipa pulchra, which far overshadows all the others. Several 
other mid grasses occur with it in sufficient abundance to serve as domi¬ 
nants, and to the north and along the seacoast Stipa becomes secondary or 
is entirely lacking. The most important of these are Stipa eminens, 
Koeleria cristata, Poa scahrella, Melica imperfecta, Elymus sitanion, and E. 
triticoides, with species of Danthonia, Bromus, and Festuca under moister 
and cooler conditions, as along the coast, in the north, and at higher 
levels (Fig. 265). 

The native bunch-grass prairie of California has been so largely 
destroyed by overgrazing and fire that its reconstruction has required 
persistent search for relict areas. This has been so successful that it 
is now possible to determine its original area and composition and, in 
consequence, its contacts and relationships. Within the historical 
period, this grassland has been entirely confined to California and 
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Lower California. Its closest afi&nities are with the bunch-grass com¬ 
munity of the Palouse, with which it forms an ecotone in northern 
California. Today it is completely separated from the mixed prairie 
by the Sierra Nevada and the deserts of the southwest, but relicts of 
Bouteloimj AndropogoUj Hilariaf and Aristida in southern California 
and the presence of Stipa eminens and S. speciosa in Arizona and New 
Mexico attest a former connection through the Mohave and Colorado 
deserts. This is also supported by the presence of many of its species 
as relicts in the mountains in and about Death Valley, and the certainty 
of this connection is evidenced likewise by a large number of California 
forbs and shrubs that still persist in the mountains of Arizona. 



The native bunch grasses once occupied all of the Great Valley ol 
California as well as the valleys and lower foothills of the Coast and 
cross ranges and of the Sierra Nevada. They have been more or less 
completely dispossessed by annual grasses introduced from Europe, 
as a consequence of overgrazing in a region with a long, dry season. 
This has resulted in making and maintaining a disclimax of annuals of 
such permanence as to simulate a climax, compdi^ chiefly of Avena 
fdtua, Bromus rigidus, 5. rvbenSy and 5. hordeaceus; Hordeum maritimum, 
H, murinunij and H. piisiUum; and Festuca myuros and F. megalura. In 
the case of Avena especially, the cover is so tall and dense as to have sup¬ 
pressed many of the perennial forbs, and the societies of the grassland 
are largely winter annuals, the species more numerous than in Arizona 
but many of them identical. Among the most important genera are 
the following: EschschoUzia, Baeriaj OrthocarpuSy LupinuSy LotuSy Mimur 
luSy Oiliay Phaceliay NemophilUj LayiUy Hemizoniay and Madiay while the 
perennials belong to Brodiaeay Calochortus, AUiumy Delphiniuniy Dode^- 
catheony Sisyrinchtumy Pentstemany etc. 
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The Palouse Prairie. —This resembles the Pacific prairie in the 
life form of the grasses and in its relation to winter precipitation, but the 
major dominants are different. These are Agropyron spicaium, Festuca 
idahoensis, and Elymus condenaatm^ while it possesses Poa scabrella, 
Koeleria cristata, and Elymus sitanion in common with the Pacific and 
mixed prairies, and Siipa comata and A. smithii in common with the 
latter.®®® In composition, it resembles the latter more nearly, and this is 
reflected in the fact that they alternate and mingle along a wide zone of 
contact. On the other hand, this association stands close to the bunch- 



Fxq. 266 .—Bluebunch wheat graas (Agropyron Bpicatum) in the Palouse prairie of eastern 

Washington, 


grass prairie of California in its water relations and in the absence of 
short grasses, and the two lie in touch through the valleys of northern 
California. It attains its best development on the rugged hills of the 
great wheat-producing region known as the Palouse but is characteristic, 
in general, of eastern Washington and Oregon, southern Idaho, and 
northern Utah®®^ (Fig. 266). 

Over most of its area, this prairie has been replaced by two com¬ 
munities that owe their advantage to overgrazing and, in the case of 
the annuals, to fire also. So abundant is the sagebrush throughout the 
major portion that this whole region has been assigned to the sagebrush 
climax, but the study of relict and protected areas, especially expert^ 
mental exclosures, proves that the grasses are climax and that they 
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again assume dominance when grazing is much reduced or eliminated. 
A more recent change has been the replai<^ment of the grasses by annuals, 
with results similar to those found in California. The most important 
invader is Bromus tectorum, frequently with other species of the same 
genus, while two annual forbs, Sisymbrium aUissimum and Lepidium 
'perfoliatumy are often of equal and sometimes greater importance. The 
societies of this association are drawn largely from the two adjacent 
prairies, but a number of them are peculiar to it. Especially char¬ 
acteristic ones are constituted by the composites, among which Balsa- 
morrhiza sagittataj Wyethia amplexicauliSy Gaillardia aristatay Achillea 
millefoliumy and Agoserie grandiflora are the more important. 

THE WOODLAND CLIMAX 

Extent and Nature, —The woodland formation is composed of small 
trees capable pf forming a canopy and, hence, of constituting a real 
though low forest under the proper conditions. Typically, the wood¬ 
land consists of small trees 20 to 40 feet high and belonging to the three 
genera, Juniperus, PinuSy and Quercus. While these vary widely in 
leaf character, they agree in being evergreen and xerophytic as well as 
more or less subtropical in temperature relations. They form fairly 
dense crowns and in favorable situations make a continuous canopy 
and a fairly dense shade. Practically all the species may vary from 
trees 30 to 50 feet tall to shrubs of 10 to 20 feet and, in some cases, to 
bushes of even smaller stature. As trees they often give the appear¬ 
ance of being integral parts of the forest communities in which they 
occur, while in the form of shrubs and bushes they are equally at home 
in chaparral. The consequence is that the same species may appear 
as an important if not abundant constituent of forest, woodland, or 
chaparral, and its proper role becomes difficult of detennination. 

The woodland formation is essentially southwestern, xeric, and sub¬ 
tropical, though at the upper altitudes of 6,000 feet or more it extends 
into the region of winter snow. It finds its best expression on the high 
plateaus of the Colorado Basin, but it occurs from the Edwards Plateau 
and the Davis and Guadalupe Mountains of western Texas through north¬ 
ern Mexico to Lower California. It extends northward along the foothills 
in New Mexico and Colorado to southwestern Wyoming and thence 
westward through Utah and Nevada to northern California, its outposts 
reaching the outer Coast Range in the south-central part of the state. 
At its lower limit it lies in touch with the grassland formation and 
especially the sagebrush savanna, while in California it is in contact with 
the chaparral, with which it forms extensive mixtures. Along its upper 
margin it meets the ponderosa pine consociation of the southern Rocky 
Mountains and the desert ranges. 
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As an essentially forest community in a warm, dry region, the wood¬ 
land formation has suffered more from climatic desiccation than any 
other. In consequence, perhaps less than a fourth of it remains today 
in the climax condition with a closed canopy and a proper ground cover. 
Throughout most of its area it is a more or less open savanna in climatic 
mixed or bunch-grass prairie or, more rarely, in the desert plains. The 
true climax areas are found only at the upper altitudes, especially on the 
Colorado Plateau and in the higher ranges of southern Arizona and 
northern Mexico.*'^® Over much of the lower region it is reduced to a 
single species of Juniperus, which appears as a low shrub or bush. This 
type of savanna has been greatly extended in the last half century in 



Fig. 267.—Pine-oak woodland of the foothill region of California. 


consequence of overgrazing and the carriage of the seeds by sheep and 
birds (Fig. 267). 

The woodland climax falls into three divisions or associations, inz.j 
the Quercus-JuniperuSj the Pinu8-Juniperus^ and the Pinus-Quercus. 
The first of these is southern and southeastern in position and probably 
represents the original mass of the formation. The second is central and 
typical, while the last is found in California and Lower California. The 
first two are in contact with each other over a long distancje but are 
readily distinguished by the presence of Juniperus pachyphloea and the 
evergreen oaks in the former. The California association Ls separated 
from the other two by the Colorado and Mohave deserts and the Sierra 
Nevada, and the dominants mix but slightly, the contact being main¬ 
tained only by Pinus cerribroides monophylla and Juniperus californica. 
The major dominants of the oak-juniper woodland are Quercus reticulaia, 
Q, hypoleaca^ Juniperus pachyphloea, /. occidentalis monosperma, J. 
sabinoides, Pinus cembroides, and P. cembroides edulis. The pifion- 
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juniper association is dominated by Juniperus ocddentalis monospermay 
J, calif arnica lUahensis, Finns cembroid^ ^ulis, and P. cembroidcs rnonch 
phylla, while the pine-oak woodland is essentially all savanna today, in 
which the important trees are Finns sahiniana^ Qnercns douglasii, Q, 
mslizeni, Jnniperns calif arnica and its variety viahensiSy J. occidentalism 
Finns cembroidcs^ and P. cend)roides edulis, often single or combined in 
groups of two or three. 

THE CHAPARRAL CLIMAX 

Extent and Nature. —The chaparral formation is characterized by 
shrubs of the same general life form and, for the most part, of similar 
systematic relationship. In comparison with forest it is xeric in char¬ 
acter but less so than sagebrush and desert scrub, which resemble it in 
ph 3 rsiognomy. Climatically, it represents the intermediate condition 
between grassland and forest, and it actually occupies this position 
l>etween these two climaxes along much of their line of contact. It is 
better developed in the south than the north and attains its best expres¬ 
sion in subtropical regions that incline toward desert in nature. It is 
peculiarly responsive to fire, which has left an impress on its form at 
the same time that it has modified its area. Practically all species of the 
chaparral, as of the scrub generally, produce sprouts readily from the 
roots when the tops have been burned or cut. As a consequence, fre¬ 
quent burning reduces their stature and modifies their form by the pro¬ 
duction of several stems in place of a single trunk. An effect of even 
greater significance is the fact that fire, which is the great enemy of forest, 
regularly favors chaparral in its competition with grassland, except where 
it occurs practically every year. 

Geographically, chaparral is a western formation, reaching its typical 
development on the foothills of the southern Rocky Mountains, the 
interior ranges in Utah and Arizona, and on those of the Sierra Nevada, 
Coast Ranges, and Cascade Mountains of the Pacific slope. In reduced 
form it extends northwestward from the Black Hills to the Blue Moun¬ 
tains, and, as a narrow subclimax band, it bordersiinuch of the western 
edge of the deciduous forest. Somewhat similar postclimaxes of dwarf 
oaLs, called shinncry, cover considerable areas of sand hills and river 
dunes through the southern portion of the mixed prairie. 

This climax resembles forest in the wide range of rainfall in which it 
occurs, its correlation with the latter being much affected by relatively 
high temperatures and evaporation. In the Rocky Mountains the 
chaparral lies between 15 and 20 inches of rainfall; in southern California 
it ranges from 10 to 20 inches; and in northern California and adjacent 
Oregon it occurs on dry slopes under 50 to 60 inches. The occurrence of 
chaparral under 10 inches of rainfall is possible only wbei’e evaporation is 
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reduced by the proximity of the ocean, and under 50 inches only where 
insolation greatly increases water loss. This community reaches its 
greatest height and density where the summer temperatures are high and, 
in particular, under a winter rainfall with no protracted cold period. 

The lower contact of chaparral is typically with grassland, but in the 
southern half of California, as well as some parts of the Great Basin, it is 
with sagebrush. The upper portion touches woodland or the ponderosa 
pine consociation and because of their open nature often forms a layer 
beneath them. Its constituent shrubs invade talus slopes or rocky soils 
more readily than grasses and in such situations it may long persist as a 
postclimax in grassland. 

The Petran Chaparral. —This association reaches its best develop¬ 
ment in Colorado, northern New Mexico, and eastern Utah, where most 
of the climax areas are to be found. As a subclimax much poorer in 
species and reduced in stature, it may be found along foothills from South 
Dakota to Texas and from the north to the south of the Great Basin. 
The association attains its best development between 5,000 and 8,000 
feet, and the climax portions are restricted to this zone. 

The major dominants of the widest extent are Quercus gambeliij Q. 
undulataf Cercocarpus pannfoUuSy Rhus trilohata, Prunus demissay and 
Amelanchier alnifolia. In the southwest, Rohinia neomexicanay Fendlera 
rupicolUy Cercocarpus ledifoliusy Peraphyllum ramosissimumy and Philadel- 
phus gordonianus are often of equal or even greater importance, while in 
the mountains of central Arizona, Arctostaphylos puugens and Ceanothus 
cuneatus appear as dominants that mark the transition to the Sierran 
chaparral. 

The Coastal Chaparral. —This association is much more massive than 
the Petran but covers a smaller territory. It differs, also, in consisting 
chiefly of evergreen or sclerophyll shmbs, only one of the major domi¬ 
nants, Quercus dumosUy being deciduous. The number of dominants 
and the continuity of the cover are greatest in California and adjacent 
Lower California, and both features diminish to the north. Apart from 
the fact that the one is ty^ncally evergreen and the other deciduous, the 
two associations resemble each other closely in the form, height, and 
general relations, in the genera of the dominants, and in the essential 
character of the community. 

The coastal association is best developed on the Coast and cross 
ranges of middle and southern California and in northern Lower Cali¬ 
fornia. Though much reduced in species, it is still an important com¬ 
munity as far north as southern Oregon. It extends eastward to the 
lower slopes of the Sierra Nevada and thence to southeastern California 
and adjacent Nevada and Arizona. Here it is reduced to Ceanothus 
cuneatus greggii and Arctostaphylos pungenSy which range still farther 
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eastward where they become merged the Petran association. The 
climax proper is restricted chiefly to California, though even here exten¬ 
sive areas at the lower altitudes are subclimax (Fig. 51).*“ Subclimax 
chaparral also occurs in the lower portion of the montane zone as a fire 
community, but the species of the dominants are almost wholly different 
and the two subclimaxes are not closely related (Fig. 268). 

The major dominants are Ademst^ma fasciculatum, Ceanothus cuneor 
tuSy C. oUganthuSy C. spinomsy C. divaricaiiis, Arctostaphylos pungenSf 



Fiq. 268.- -Sierran chaparral climax, composed chiefly of species of CeanoihuB. Santa 

Barbara, Calif. 

A, tomentosaj Quercus dumosaj Prunus iKcifoliay and Rhamnus crocea. 
There is a much larger number of minor and regional dominants belonging 
to the same genera, as well as Rhus, CercocarpuSy AmelanchieTy and Hoh- 
discus, which likewise occur in the Petran chaparral, where they are 
largely represented by the same species. In addition, the chaparral 
includes several species that properly belong to the coastal sagebrush of 
the next zone below. 


THE SAGEBRUSH CLIMAX 

Extent and Nature. —The sagebrush, Artemisia tridentaia, is so strik¬ 
ing in color and form as to save the 
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tinctly the most xerophytic of the three, the climax development taking 
place in a rainfall of 3 to 6 inches. The dominants are bushy shrubs, 3 to 
6 feet high, as a rule, and possess the ability to produce root sprouts, to 
which they owe the many-stemmed habit as well as much of their domi¬ 
nance. The characteristic feature that distinguishes the desert scrub 
from the two similar formations is the open structure of the community. 
The bushes stand 20 to 50 feet apart in climax portions and never form a 
canopy, except in the case of postclimax species like Prosopis and Acacia. 
The spacing is evidently a consequence of low rainfall and a correspond¬ 
ingly low holard, rendering a large area necessary for adequate absorption. 
With this is correlated the root habits of the major dominants, Larrea^ in 
particular, possessing a shallow, wide-spreading system®^2.844.87i (pjg 270). 



Like the sagebrush, the desert scrub is characterized by one great 
dominant, the creosote bush, Larrea mexicana. This further resembles 
Artemisia tridentata in extending over an area several times greater than 
the climax portion, forming savanna with the desert-plains grassland at 
the lower levels from western Texas to the Colorado Valley. The cli¬ 
max proper is much more restricted in area, the general limit being the 
isohyet of 5 inches, which coincides fairly well with the boundaries of the 
Gila-Sonoran, the Colorado, Mohave, and Death Valley deserts.“^ Here 
the characteristic dominants are but two, Larrea and Franseria dumosa, 
the former 2 to 4 feet tall and evergreen, the latter a bushy undershrub, 
1 to 2 feet high and with drying persistent leaves. In the numerous 
washes, Hilaria rigiday a. shrubby grass, is a typical dominant that often 
takes part in the full climax, while Acada^ Prosopisy Parkinsoniay DaZea, 
and Chilopm mark the deeper and less arid valleys (Fig. 271). 
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Subclixnaxes of the Desert Scrub.— It was formerly supposed that 
this formation comprised two associations, an eastern and a western, but 
the former has been proved to be a desert-plains savanna in which the 
shrubs Larrea/FIourensia, Franseria deUmdeSf Ephedra, Condalia, OpurUia, 
Acacia, and Prosopis have largely replaced the grasses in consequence of 
overgrazing and of fire, also, to some extent. Protected places usually 
exhibit Bouteloua, Aristida, and their associates as dominants, and wet 
seasons when the grazing pressure is lessened serve to reconstruct the 
desert plains in graphfc fashion. Where the rainfall is regularly 12 to 15 
inches, the dominant role of the grasses is beyond question, and the 
spacing of the low shrubs becomes much more open, a result also signifi¬ 
cant of protection against grazing. 



Fig. 271 .—Fouquiera postclimax in Larrea plain, Tucson, Axis. 


In addition to the bronze scrub or Larrea-Flourensia associes is a 
taller and more massive proclimax found in southwestern Texas and 
adjacent Mexico. This c6nsists of Acacia, Condalia, CeUis, and Prosopis 
as major dominants and has all the appearance of a true climax. A study 
of the effects of fire and grazing, however, and of the course of succession 
makes it clear that this so-called mesquite, no matter how luxuriant and 
controlling, is really a proclimax associes that has greatly increased in 
extent during the historical period. In nature, it is probably post¬ 
climax, and other postclimaxes occur on escarpments, talus slopes, and 
rocky hills from western Texas to Mexico and eastern California. In 
western Texas this is known as sotol, an associes of Agave, Dasylirion, 
Nolina, Yvcca, and Opuntia, while in Arizona and Mexico it comprises the 
thorn scrub, consisting of Cereus, Fotiquiera, Parkinsonia, Acacia, Opmiia, 
and similar spiny shrubs®*® (Figs. 246 and 271). 
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Climax Map of North America. —This map is diagrammatic to a high 
degree, with the object of emphasizing the general relations and extent 
of the various climaxes. No attempt has been made to delimit these 
with accuracy, partly because of the small scale, but also because most 
of the information from remote regions especially has not taken the 
climax and subclimax into account. The scale has likewise made it 
necessary to exaggerate the width of narrow strips, such as the alpine 
tundra, and to ignore the many isolated peaks with this climax. Further¬ 
more, the same color has not only been employed for the montane and 
subalpine climaxes, but the woodland and chaparral have necessarily 
been included in this. Savanna has been regularly included in the 
grassland climax, and the areas of sagebrush and desert scrub corre¬ 
spondingly reduced. The intimate relations of the several mountain 
climaxes, the position and extent of the associations within each forma¬ 
tion, and the approximate boundaries of the many communities involved 
can only be exhibited by means of a large chart, such as is not practicable 
for the present book. 
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Abies, 2S7, 370 
amcolor (see White fir), 
lasiocarpa, 494, 496 
Absorption, in saline soil, 226 
in subsoil, 290 
Acalypha, 1 

Acer, 294, 381, 386, 611 
Acid soils, 229-233 
adaptation of roots, 303, 304 
effect upon plants, 232, 233, 304 
in relation, to altitude, 230 
to topography, 230 
tolerant plants, 232 
Aconitum, 266 
Adansonia, 266 

Adaptation, to decreased water supply, 
44^53 

by osmotic pressure, 451 
by other changes, 453 
by succulence, 446 
by thickened walls, 449 
to water, 424-453 
types produced, 424 
Aeration, in relation, to decay, 183 
to plant distribution, 52 
to root development, 298-301 
to root-hair development, 322 
to root response, 306 
to seedbed preparation, 307 
to soil temperature, 308 
to tree growth, 46 
in swamps, 298, 299 
temperature and growth, 308 
Agents, of migration, 124 
of pollination, 263 
Aggregation, 4, 145-147 
mixed, 147, 147 
simple, 145, 146 
Agricultural regions, 377 
Agropyrm, 20, 41, 87, 315 
mithii, 170, 240, 460, 461, 462 


Agropyrm^ spicatum, 318, 626 
Agroaiis, 127 
Air reactions, 249-254 
Airplane view, 66 
Alfalfa, absorbing area, 296 
and aeration, 306 
dormancy, 136 
frequent cutting, 21 
root depth, 206, 301 
and salinity, 303 
and soil-moisture depletion, 206 
stomatal movement, 389 
Alisma, 136 
AUenrolfea, 467 
AUionia, 863 
Allogamy, 262 
Almond, 312 
Aloe, 447 
Alternation, 8 
Alternes, 7, 8 , 80 
Altitude, effect on light, 400 
and temperature, 362 
Ambrosia, 4, 133, 154 (see also Ragweed). 
Amrnonification, 326 
Amorpha, 207 

Amphibious plants, 431-436 
315, 458, 459 
furcaiua, 316, 460, 621 
hum, 319 
aoQ/pariua, 16, 316 
Anemometers, 349 
Animal coactions, 271 
Animal reactions, 247 
Animals, as barriers, 172 
cycles of abundance, 284 
in migration, 127 
numbers of, 284 
and pollination, 263, 264 
Annual rings, 43-47, 43 
and aeration, 46 
in relation to rainfall,, 44, 44 
and Buccessioh, 43, 44 
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Anogra, 102 
ArUmnaria^ 124 
Ants, 114, 116 , 128 
Apple tree, competition, 162 , 163 
root system, 162 , 163 
Arctic tundra, 483-485, 464 
Arctostaphyloa, 269 
Aristidaj 40 

indicator significance, 41, 464, 464 
roots, 316 

Arrangement of stamens and pistils, 250 
Arrested dunes, 75 
Artemisia californica^ 636 
filijolia, 463 
tridentataj 466 , 466 

indicator significance, 467, 476 
root habit, 320 , 320 
Aspect societies, 97 
Aspects, 9, 27 
Aspen, 101 , 468 
Associations, 6, 93 , 93 
of North America, 481, 482 
Assocdes, 99, 100 
Atmometers, 351-353, 361 
comparison of data, 354 
making readings, 353 
position in field, 353 
Atnplex, 127 , 147 , 226 , 227 
confertifoliaf 320, 466 , 467 
Attraction of insects, 263 
Autecoiogy, 105 
Autogamy, 262 

Available water, 203, 206, 209 , 210 
AvenOj 133, 438 , 467 
Azalea, 233 

B 

Bacteria of soil, 224, 326, 327 
Bald cypress, 294 
Balsam apple, 123 
BaJLsamarrhizay 31 , 289 , 338 
Balsamroot, 31 , 289 , 338 
Baobab flower, 268 

Bare areas, due to animals and man, 114, 
116 , 116 

due to climatic causes, 113 
due to deposit, 109 
due to drought, 112 
due to erosion, 107 
due to fire, 114 
due to gravity, 111 


Bare areas, due to ice. 111 
due to lightning, 113 
due to snow, hail, or frost, 112 
due to volcanoes. 111 
due to water, 109, 116 
due to wind, 110, 112, 113 
ecesis in, 144 
Barley and rainfall, 421 

absorption from subsoil, 290 
Barriers, 170-172 
biological, 171 
changes in, 172 
physical, 171 
Basal area, 17 

Basal-area quadrat, 14~18, 16 
Base exchange, 176 
Basin sagebrush, 466 , 534 
Basswood (see Tilia). 

Bearberry, 269 
Beech, 611 

Bees and pollination, 264 , 266, 267 
Beggar-ticks, 412 
Belt transect, 33-36 
in do(;iduous forest, 34, 35 
in prairie, 34 

Big bluestem (see Andropogon fur cat us). 
Biotic causes of succession, 114 
Birch-aspen associes, 491, 492 
Birds, 53 

Bisects, 39-42, 40 , 289 
Black loc\ist, 141 
Black spnice, 489 , 490 
Blazing star, 141 , 158, 293 
Blowouts, 110 
Blue bunch grass, 289 
Blue grama, 19, 40 , 249, 316 , 461 , 460 
Blue sage, 264 
Blue spruce, 143 
Blueberries, 233 
Bluegrass, 69 , 289 
Bog soils, 199 
Bogs, in arctic tundra, 483 
succession in, 76, 77 
and underground plant parts, 298, 325,. 

326 

Boreal forest, 487-492 
Bouteloua gracilis^ 19, 40 , 249, 316 , 461 , 
460 

Brake, 233 

Broad-leaved trees, tolerance, 404, 405 
Bronze scrub, 537 
Brown soils, 195 
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Buckloe, 20 , 40 , 41, 249, 278 
indicator significance, 41 ' 

roots, 317 
stolons, 823 
But>kwheat, 413 
Bud scales, 337 , 337 
Buffalo grass (see Buchloe). 

Bugseed, 146 

Bulrush, 62 , 64 , 300 

Bunch grass, indicator significance, 464 

Bur oak (see Quercus maerocarpa). 

Bum scar, 47 , 48 
Burning chaparral, 279, 280 
Burning pastures, 29, 30 
Burrowing animals, 180 
Bush morning glory, 463 
Butter-and-eggs, 264 

C 

Cabbage, hardening, 371 
transplanting, 310 
yellows, 328, 329 , 379 
Cactus, 305, 360, 441, 442 , 448, 476 
leaves, 447 

resulting from overgrazing, 471 
roots, 443 

and soil temperature, 307 
water storage, 448 
CiUamovilfaj 74 
Calcification, 192 
Calciphilous plants, 233 
Calciphobous plants, 233 
California poppy, 260 
CaUitriche^ 431 
Camera sets, 42 
Capillary water, 201, 204 
CareXf 19 
arenariaf 130 
JUiformiSy 76 
Camegieay 360, 448 
Carya ovofa, 337 
Cattails (see Typha). 

Causes of suc^cession, 106 
biotic, 107, 114 
climatic, 106, 107, 112 
deposit, 109 
ecesic, 106 
erosion, 107 
initial, 106 
topographic, 107 
Ceanoihus, 633 
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Cedar-hemlock forest, 501-503, 602 
Cereua, 636 

Chaparral climax, 531-533 
Chaparral subclimax, 82 
Chart quadrat, 11, 12 , 22-29, 23 , 26 . 28 
Check dam, 277 
Chernozem soils, 193, 194 
Chestnut blight, 15 
Chestnut soils, 195 
Chickweed, 414 
Chlorophyll, 380, 381, 382 
Chloroplasts, in epidermis, 394 
and leaf structure, 383 
and light absorption, 382 
position and light, 382 
Chresard, 203 
ChrysothainnuSj 41, 87 
Cinquefoil, 289 

Climate and stabilization, 236 
Climax forests, 65, 70, 92 , 237 
Climax formations (see Climaxes). 
Climaxes, 79, 89, 90, 92, 478-538 
classification, 480-482 
and climate, 80 
delimited, 92 
dominants, 91 
duration, 90 
kinds, 82 

modified by man, 479 
nature, 478 

of North America, 481, 482 
peniiaiience of, 80 
recognition, 238 
role of animals, 478 
tests, 479, 480 
Climbers, 391, 392 
Clip quadrats, 18 , 19 , 64 
Clipping, and root development, 240 
versus grazing, 18, 19 
Clouds, 363 
Coactions, 238, 255 
of animals, 271, 271 , 272 
and conservation, 255-287 
grazing, 269 
human, 271, 272 
of the plant body, 268-273 
sequence of, 272 
Coast forest, 500-504 
Coastal chaparral, 532 
Coastal prairie, 521-523, 622 
Coastal sagebrush, 636 , 535 
Cochkaria, 368 
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Cocklebur (see Xanthium). 

Goconuti 125 
Cold-air drainage, 366 
Colony, 103, 147 
Community, as a barrier, 171, 172 
maps of, 56-59, 68 
open and closed, 168 
root habits, 314-321 
study of, 104 
Compass plant, 384, 385 
Competition, 4, 148-166 
between apple trees and maize, 182, 
163 

in barley, 161 

in cockleburs, 160, 161 

and conservation projects, 165 

controlled, 159 

in com, 158, 159 

between crops and weeds, 161 

among cultivated crops, 158 

effect, 150 

evaluation of factors, 160 
in forests, 408, 409 
for insect visitors, 266 
nature of, 148, 150 
in potato, 158 
in prairie, 29 
among ragweeds, 4, 154 
in relation, to cover crops, 159 
to dominance, 149 
to size of plant parts, 163, 158 
to yield, 154, 158, 159 
role in succession, 164, 165 
between root systems, 161 
between species, 29, 156, 167 
within species, 151 
and stomata, 439 

among sunflowers, 63, 161, 162, 163 

for water, 160 

in wheat, 166, 159, 160, 161 

in wild oats, 161 

of windbreaks, 166 

Coniferous trees, relative tolerance, 404, 
405 

Conservation, 255-287 
of chaparral, 279 
and competition, 165 
in cultivated fields, 273-276 
and floods, 282-284 
of forest, 279 

of pasture and range, 276-278 
of soil and water, 273-284 


Conservation, and utilization, 255 
of wild life, 284-287 
Consociation, 94, 96 
Consocies, 100, 101 
Constructing graphs, 345 
Control phytometers, 418-420 
Coralberry, 186 
Corispermunif 146 
Com, absorbing area, 322 
absorption from subsoil, 290 
aeration and temperature, 308 
competition, 158, 159 
cultivation, 314 

disease and soil temperature, 328 
germination, 228 
leaves, 437 

response to low water content, 296 
root habit and drainage, 301 
roots, 204, 288, 293, 297, 313 
and aeration, 306 

Correlation of root and shoot, 311, 312 
Cosmos, 412, 412 
Cotton, 303, 396, 403 
aeration, and root habit, 300 
and temperature, 309 
Cottonwood, 348 
Cover, crops, 314 

effect on temperature, 363 
and erosion, 214 
and floods, 283 
and humidity, 339 
in orchards, 159 
and soil temperature, 220 
Crataegus, 137 

Creosote bush, 223, 441, 476 
Crops, competition among, 158 
Cross-Timbers, 85, 509, 515 
Cmstose-lichen stage, 66, 67 
Cucurbits, 301 

Cultivation, and root habits, 312 
and yield, 158, 314 
Cuticle, 436, 447 
Cydoloma, 127 

D 

Dahlia, 415 
Daisy fleabane, 9 
Dandelion, 124, 126, 393 
Dark brown soils, 195 
Dead nettle, 414 
Deciduous forest, 508-516 
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D^iduous forest, extent and nature, 
508-510 

Delayed germination, 133 
Dendrobtum, 173 
Denuded quadrats, 11, 29, 30 
twigs of shrubs, 30 
Deposit, 108 , 109-111 
Desalinization, 225 
Desert, 440, 445 
Desert plains, 525, 626 
Desert scrub climax, 535-537 
Desert scrub postclimaxes, 466 , 636 , 
637 , 537 
Desert soils, 195 

Development, of soils (see Soils). 

of vegetation, 9, 90 
Dew, 211 
Dichogamy, 257 
Diclinism, 257 
Dioecious plants, 257 
Direction of migration, 130 
Disclimax, 86, 88 
Disease, brown rot, 378 
cabbage yellows, 328, 329, 379 
chlorosis, 328 
clubroot of cabbage, 329 
dry rot of potato, 378 
fire blight, 377 
flax wilt, 328 
onion smut, 329 
potato blight, 378 
potato scab, 329 
relation, to acidity, 329 
to environment, 376-379 
to nutrients, 328 
to soil temperature, 328, 329 
to water content, 328 
russeting, 377 
rusts, 378 

tobacco root rot, 328, 379 
tomato wilt, 328 
wheat scab, 329 
wheat smut, 329 
yellow berry, 328 
Dissemination, 120, 121 
Disseminules, 124 
Distance of migration, 122 
Disiicklu, 226 , 227, 467 
Disturbance climax, 86, 88 
Dog’s-tooth violet, 96 , 137, 368 
Dominance, and competition, 149 
and stabilization, 237, 238 


Dominants, 7, 91, 94, 95, 478 
of mixed prairie, 460 
of true prairie, 458 
Dormancy, 133 
in conifers, 139 
and delayed germination, 133 
embryos requiring acidity, 137 
external causes, 134 
imperfect embryos, 137 
impermeable seed coats, 135, 136 
internal causes, 135 
mechanically resistant seed coats, 136 
Douglas fir, 8 , 92, 136 , 139, 406 , 406 602 
osmotic preswsure, 370 
root habits, 291 
Drainage, 299, 301 
Dropseed, 141 

Drought-enduring plants, 441 
Drought-escaping plants, 441 
Drought-evading plants, 441 
Drought-resisting plants, 441, 442 
Dry rot of potatoes, 378 
Duff, 184 

Dunes, 74, 76 , 260 , 250, 484 
I^uration of light, 410 
Dust cloud, 248 

E 

Earthworms, 180, 232 
EchaUium, 129 
Ecesis, 3, 131-145 
ill aquatics, 132 
in bare areas, 144 
in deserts, 143 
in forests, 142 
and migration, 131 
modified by temperature, 375, 376 
of ragweed, 133 
Echard, 203 
Echinocactus, 448 
Ecotone, 27, 104, 338 
Eichhorniaf 429 
Eleocharis, 64 
Elm, 100 
Elodea, 426 , 426 
ElymuSf 315 

Embryonic dunes, 74 , 74 
Emersed plants (see Amphibious platUs)^ 
Encelia, 636 , 636 
Enclosure, 37-39 

Engelmann spruce, 46 , 366 ^ 406, 494 
Environment, and disease, 376-379 
measured by plants, 418-423 
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Environment, modified by man, 349 
xeric types, 440 
Epidermis, modifications of, 47 
Ejnlobiumt 119 , 261 
Epiphylls, 393 
Epiphytes, 393 
Engerorif 9 , 468 
Erosion, 107, 108 
experiments, 240, 241 
kinds, 244 

and plant cover, 243-247, 280 
and wheat, 239 
ErythroniuTrLf 98 , 137, 368 
Eachacholiziaj 260 
Evaporation, 333, 350-355 
comparison of data, 364 
effect on water requirement, 355 
making readings, 353 
measurement, 351-353 
precipitation ratio, 355 
in relation to plant distribution, 354, 
355 

relation to precipitation, 41 
from reservoirs, 355 
from soil, 203 
in swamps, 353 
and wind, 349 
Evaporimeter, 361 

Evening primrose (see Anogra and 
Oenothera). 

Everbearers, 414 
Everbloomers, 414 
Exclosure, 37-^9, 38 
Experimental grid, 38, 53 
Experimental pollination, 265 
Experimental vegetation, 51-54, 64 
Exponential indices, 374 

F 

Faciation, 95, 96 
Facies, 101 

Factors, of habitat, 333, 334 
classified, 334 
responses to, 200 , 333 
modifying water content, 210-215 
Fagus grandifoUa^ 611 
False prairie boneset, 158, 316 
False Solomon’s-seal, 296 
Families, 103 , 103, 145 
Festuca, 289 
Field capacity, 201 
Field experiments, 52-54 


Field surveys, 54-59, 66 
Fire, 29, 30, 114 , 244 
and composition of forests, 48 
and floods, 283 
kinds, 47 
subclimax, 82 
Fire scars, 47 
Firebreaks, 66 
Fireweed, 119 , 261 
Flax, 294 
Flax wilt, 328 
Floating plants, 429, 430 
Floating stage, 61 
Floods, 283 
control, 282-284 

Flowers, and insecit attraction, 263, 265 
competition for visitors, 266 
life history, 260 , 261 
Fog-belt trees, 501 
Foliose-lichen stage, 67, 68 
Forest, in relation to erosion, 246 , 245, 
246 

Forest climaxes, 487 -516 
Forest fire, 244 
Forest indicators, 472-475 
Forests as indicators, 456-458 
Formations, 6, 89, 91, 478 (sec also 
Climaxes). 
delimited, 92 
mapping, 92 

of North America, 478-538, 481, 482 
Fouquieray 637 
Four-o’clock, 383 
Free phytometers, 423 
Freezing, 368-371 
nature of injury, 369 
process, 369 

in relation to osmotic pressure, 370 
plant metabolism, 369-371 
protein precipitation, 369 
resistance, 369-371 
Frequency, 21 

Frequency-abundance quadrat, 21 

Fruit-distributed plants, 120 

Fruit distribution in United States, 466 

G 

Geitonogamy, 262 
Gentian, 422 
Geotome, 207 
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Geranium^ 261 , 289 
Germination, 132 
delayed, 133 
depth of, 139 
of prairie species, 138, 140 
rate of, 138 

in relation to altitude, 138 
depth of planting, 139 
salinity, 226 
Giant cactus, 360 
Ginkgo j 137 
Glaciers, 111, 129 
Gosaypium (see Cotton). 

Grama grass, 41, 93, 316 , 460 (see also 
Bouteloua). 

Grass, in conservation, 276, 277, 283 
Grass leaf, 450, 451 
rolling and folding, 451, 452 
stnicture, 450, 451 
Grassland climax, 516-529 
Grasslands as indicators, 458-462 
mixed prairie, 460, 461 
nature, 458 

shrrt-grass disclimax, 460 
true prairie, 458, 469 
Gravel slide, 72 
Gravitational water, 200 
Gravity, 128 

Gray-brown podzolic soils, 197, 198 
Gray soils, 195 
Grazing, coactions, 269, 270 
effects, 20 , 20, 215, 242 
indicators, 468 
and runoff, 242 
Greasewood, 467, 468 
Great plains communities, 41 
Grindeliaj 471 
Growth, 143 
and migration, 129 
rate in roots, 288 
Gumweed, 471 
Gyrophora, 68 

H 

Habitat, factors classified, 333, 334 
nature of, 333 
Hair grass, 127 
Halosere, 79 
Hardening, 371, 372 
Hardpan, 227 
Hawkweed, 289 


Hawthorn, 137 
Helianlhua (see Sunflowers). 

Hemlock (see Tsuga). 

Herbaceous stage, 69 
Hteraduniy 289 

Highways and erosion control, 281, 282 
HilariOf 96 
Holard, 203 
Honey locust, 290 
Hoorebekia, 289 
Horse chestnut, 264 
Human coactions, 271, 272 
Humidity, 333, 334-346 
absolute, 334 
affected, by climate, 339 
by habitat, 339 
and disease, 376-379 
graphs, 345 
measurement, 340 
modiffed, by cover, 339, 340 
by exposure, 338 
by pressure, 338 
by temperature, 335 
by wind, 335-338 
readings, 342 
relative, 335 
tables, 342 
Hummingbird, 264 
Hummingbird trumpet, 264 
Humus, 180-185 
distribution in soil, 194 
effect on soil, 184, 202 
factors influencing decomposition, 183 
rate of formation, 183, 184 
relation to rainfall, 181 
Hybridization, 262 

Hydrogen-ion concentration, 230, 231^ 
Hydrophytes, 424, 425-436 (see also 
Submergedf Floating, and Amphibious 
plants). 

Hydrosere, 60-66 
climax forest, 65 
floating stage, 61 
reed-swamp stage, 62 , 64 
sedge-meadow stage, 63 
submerged stage, 60 
woodland stage, 65 
Hygrograph, 343 
Hygroscopic coefficient, 201, 206 
Hygroscopic water, 201 
Hygrothermograph, 343 
interpreting records, 344 • 
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I 


L 


ImpatienSf 1, 452 
Increment borer, 46, 46 
Indeterminate or neutral group, 413 
Indian pipe, 330 
Indicators, of afforestation, 474 
of agriculture, 456-462, 466, 467 
of fire, 473, 474 
of forest planting, 474, 475 
of forests, 472-475 
of former forests, 473, 474 
of grazing, 468, 468 
kinds, 456 
nature of, 454 
of overgrazing, 469-472 
and plant succession, 464 
of salinity, 465^68, 466 
of salt concentration, 467, 468 
of sand, 463 
of soil type, 462-465 
of water table, 466 
Influents, 478 
Insects, 172, 264 
Intrazonal soils, 199 
Invasion, 148, 166-172, 169 
kinds, 167 
manner, 168 
by shrubs, 166 
Ipomoeaj 463 
Tronweed, 471 
Irrigation, 299, 300 
Isolation transect, 36, 37 

J 

Jack-pine consocies, 499 
Jack rabbits, 53 
JuglanSj 100 

June grass, 289, 315, 619 
K 

Kalmia, 233 
Kangaroo rats, 53, 271 
Knotweed, 4, 69, 103 
Kochia^ 467 
Koeleria, 289, 315, 619 
Krakatao, 126 
Krynitzkia^ 72 
Kuhniaf 158, 316 


Lactuca, 384, 386 
Lady's-slipper, 264 
Lake forest, 496-500 
Lamium^ 414 

Land classification, 475-477 
Larch-pine forest, 406, 603, 503, 504 
Larix, 48, 237, 298, 489 
Larrea^ 476, 636, 637 
Ijatcrization, 198 
Latitude and temperature, 362 
Layer societies, 98, 98 
Layering, 1, 7, 98, 164, 403, 404 
in prairie, 42 
of roots, 316 
in swamps, 42 
licaf mold, 184 

Leaves, adaptation to low water supplv, 
449, 450 

of amphibious plants, 433, 435 
changes, in form, 388 

in stnicture, 383, 383, 384, 386, 
386, 388 

exposure to light, 390-393, 391, 392 
of floating plants, 430 
of grasses, 393, 450, 451 
internal and external surfaces, 386 
of mesophytes, 438 
rolled, 460 

structure and tolerance, 407 
of submerged plants, 428 
succulent, 447 
of xerophytes, 449-451, 453 
Length of day, and flowering, 410-417 
and food accumulation, 415 
and frost resistance, 416 
localized response, 416 
practical signiflcaiK^e, 417 
and sex reversal, 414 
Lepidiumj 4, 381 
Liatnsj 141, 158, 207, 293 
Lichens, 66-69, 393, 485 
Life forms, 39, 71, 91 
Life history of flowers, 260, 261 
Life zones and crop zones, 373 
Light, 380-417 

absorption, 393-395 
amount for chlorophyll production, 
381, 382 

amount used, 381 
cause of variation, 399, 400 
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Light, chlorophyll formation, 381 
comparison of standard, 398 
in competition, 156, 157 
duration, 394, 396, 410-417 
and food accumulation, 415 
and plant distribution, 416 
effect, of direction, 396 
on plants, 381 
of time, 400 

in forest, 399, 400, 403, 407, 409 
and frost resistance, 416 
and germination, 134 
influence of decreased intensity, 400- 
403 

infrared, 380, 395 
intensity, 380, 396, 399, 407 
and growth, 401 
making a standard, 398 
readings, 398 

measuring intensity, 396-399 
minimum, for tree growth, 406, 407 
modifled, by altitude and slope, 400 
by water, 399 

nature of light factor, 380, 394, 395 
quality, 395, 399 
reception, 393, 394 
reflected, 381, 393, 394 
in relation, to chloroplasts, 382, 383 
to flower production, 402 
to layering, 403, 404 
to leaf exposure, 390-393, 391, 392 
to leaf form, 388 

to leaf structure, 383-388, 386, 366 
to plant form, 2, 390-393, 400-403, 
405 

to plant growth, 400-403 
to stem elongation, 387, 388 
to stomatal movement, 388, 889, 390 
and relative height growth, 406 
and suppression, 403 
and transpiration, 390 
ultraviolet, 380, 395 
wave lengths, 380 
Lightning, 113 
Lilac, 312, 367, 383 
Limber pine, 123, 836, 366 
Lime requirement, 232 
Linden (see Tilia). 

List or census quadrat, 13, 14 
Listing, 179 
contour, 274 
ruler, 16,17 


Lithosere, 79 
Litter, 184 

Little bluestem (see Andropegan sco^ 
parivs). 

IjOco weed, 817 

Lodgepole pine (see Finns contorta 
murrayana). 

Lodgepole pine subclimax, 495 
lx)ng-day plants, 411, 412, 412, 413 
cause of behavior, 415, 416 
Longevity of seeds, 137 
l^nglcaf pine, 613 

M 

Malvastrum, 249 
Man, as a barrier, 172 
as a coactor, 272 
and conservation of wild life, 287 
in migration, 128 
as a reactor, 248, 249 
Mangrove, 125 

Many-flowered psoralea, 6, 96 
Maple-beech forest, 510-512, 611 
Mapping, 54-59 
coordinate method, 57 
gridiron method, 57 
shrubs, 57 

Maximum temperatures, 367 
Maximum thermometer, 357, 358 
MeliloiuSj 141 
Mesophytes, 424, 436-440 
Mesquite, 305, 466, 476, 476 
Methods, of migration, 125 
of photograph charts, 30, 31 
of pollen analysis, 50 
of studying vegetation, 10-59 
MicrampeliSy 123 

Microorganisms and humus, 180-185,195 
abundance by weight, 182 
Mid grasses, 458, 459, 460, 461 
Migration, 3, 4, 117-131 
agents, 124, 130 
direction, 130 
distance, 122 
factors in, 118 
interaction of agents, 122 
kinds, 130 
linear, 130, 324 
methods of, 125-129 
by animals, 127 
by glaciers, 129 
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Migration, methods of, by gravity, 128 
by growth, 129 
by man, 128 

by ocean currents, 125, 126 
by propulsion, 129 
by water, 125 
by wind, 126, 127 
modifications for, 121 
radial, 130, 324 
of ragweed, 133 
role of agents, 124 

Minimum temperature and freezing, 
368 

Minimum thermometer, 357, 358 
Mistletoe, 128 
Mixed aggregation, 147 
Mixed prairie, 84, 460, 461, 623, 523, 524 
association, 94 
conditions for growth, 461 
dominants, 460 
and drought, 24-26 
as an indicator, 462 
nature, 460 
root systems, 318 
Mobility, 118 

Modifications for migration, 121 
Moisture equivalent, 206 
Monarda, 266 
Monkshood, 265 
Monoclinisin, 257 
Monoecious plants, 257 
Monotropay 330, 332 
Montane forest, 92, 504-508 
Monterey pine, 314 
Mosaic, 393 
Moss campion, 373 
Moss stage, 68 
Mountain laurel, 233 
Mullein, 385 
Mycorrhiza, 329-332 
distribution, 331, 332 
ectotrophic, 329, 330, 330, 331 
endotrophic, 329, 330, 330 
significance, 331, 332 

N 

Nectar, flow, 258 
production, 257, 258 
protection, 258 

Needle grass, 5, 315 (see also Stipa). 
Nitrates, amounts produced, 327 


Nitrates, in grassland, 186 
leaching, 302 

production and temperature, 224 
relation to bacteria, 326, 327 
response of roots, 302 
and root development, 302 
Nitrification, 326 
Nodules, 327 
Nonavailable water, 203 
how determined, 205, 206 
Northern water starwort, 431 
Norway maple, 381 
Norway pine, 406 
Norway spruce, 143 
Nutrients, 185, 186 
response to, 301, 303 
Nuts, distribution in United States, 
466 

Nymphaeay 61, 431 

O 

Oak-chestnut forest, 512-514 

Oak-hickory forest, 1, 93, 514, 616, 516 

Oak-juniper woodland, 530 

Oak-scnib, 7, 8 

Oak-sumac subclimax, 532 

Oats, 133, 438, 467 

Oenotheray 126, 167, 411 

Offshoot distributed plants, 120, 121 

Onion seedlings, 189 

Onion smut and temperature, 329 

Optimum temperatures, 367 

Opuntia (see Cactus). 

Orchard heating, 363, 364 
Orchids, 126, 173, 268, 330, 331 
Organic matter (see Humus). 

Organs of dissemination, 120, 121 
Osmotic pressure, 203, 451-453 
and drought, 452, 453 
of evergreens, 370 
and freezing, 370 
of halophytes, 452 
of hydrophytes, 452 
of mesophytes, 452 
and plant succession, 453 
of root hairs, 323 
of roots, 185 
of soil solution, 185 
of trees, 370 
of xerophytes, 452, 453 
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Overgrazing, 471 
degree of, 470 
indicators of, 460-472 
recovery from, 277 
signs of, 470-472 
and succession, 87, 88, 469-472 
in true prairie, 23 
Overhead photograph, 31 
apparatus for, 32 
Oxygen, and dormancy, 134, 136 
in soil air, 217 
OxytropiSf 317 

P 

Pachiatimaf 370 
Pacific prairie, 526, 627 
Palisade, 384, 385, 386 
Palouse prairie, 318, 528, 628, 529 
Paloverde, 143 
Panic grass, 167 
Panicum, 127, 127, 167, 240 
Pantograph, 24 

Pantograph-chart/ quadrat, 24-26, 26 

Parasites and wild life, 286 

Parkinsonia, 143 

Paronychia, 236 

Parlhenociasm, 392 

Peas, 294, 307, 322 

Peat, 77, 184 

Peat moss (see Sphagnum). 

Pedalfers, 193, 196 
Pedocals, 193, 195 
Pentosans, 370 
Peppergrass, 4, 381 
Permanent quadrat, 11 , 23, 26-29 
Petran chaparral, 532 
Petran montane forest, 92, 505-508, 606 
Petran subalpine forest, 494, 495 
Petran tundra, 485, 486 
Phleum, 260, 410 
Phosphates, 302, 303 
Photograph charts, 30, 31 
Photometers, 396-399, 397 
Photoperiodism, 417 
significance of, 447 
and temperature, 413 
value of knowledge, 417 
Phragmites, 62 

Physiographic factors and humidity, 338 
Physiological indices, 374 
Fhytographs, 35, 36 


Phytometers, 419-423 
control, 418-420, 419 
free, 19, 421, 422, 423 
insert, 840 
sod-core, 420, 421 
of sunflowers, 419 
Picea engelmanni, 46, 366, 494 
mariana, 489, 490 
pungena, 391, 892 
PUobolua, 122 

Pine-hemlock forest, 497-500, 499 
Pine-oak woodland, 680, 530 
Pine subcliniax, 511, 512, 514 
Piflon-juniper woodland, 530 
Pifion pine, 322 
Pinua hanksiana, 499 
contorta, 496 
murrayana, 48, 143, 405 
distribution and temperature, 365 
flexilia, 123, 866 
lamberiiana, 608 
monticola, 603 
paluatria, 613 

ponderosa, 139, 141, 304, 870, 406, 
409, 606, 608 (see also Ponderoaa 
pine). 

alrohua (see White pine). 

Plant communities as indicators, 454-477 
(see also Indicator a). 

Plant cover, 239 
chief features, 250, 251 
in cultivated field, 274, 275 
and erosion control, 240, 24], 282 
experiments, 243 
and melting of snow, 245 
qualities, 239 
reaction, on water, 241 
on wind, 241, 250 
and runoff, 242 

Plant development and soils, 173-233 
Plant distribution, 121 
and evaporation, 354, 355 
and length of day, 416 
Plant indicators (see Indicator a). 

Plant succession (see Succeaaion). 

Plant temperature, 360, 361 
Plant zero, 372 
Plantago, 

Planting indicators, 474 
Plants and animals, 255-273 
Plaamodiophora, 329 
J?oa, 69, 289 
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Podzolization, 195 

PodzoLs and soil organisms, 195, 196 
profile, 194, 196, 197 
Pollen analysis, 50, 51 
chart, 50 
production, 268 
protection, 258, 269, 260 
Pollination, 256-267 
agents, 263 
experimental, 265 
in fireweed, 261 
in geranium, 261 
kinds, 262 

significance and methods, 256 
in timothy, 260 
Polygonum, 4, 69, 103 
Ponderosa pine, 7, 8, 139, 141, 406, 409, 
506, 608 (see also Pinus pomierosa). 
osmotic pressure, 370 
plantation, 142 
root relations, 291, 304 
Populus consocies, 101 
Position of disserninnies, 124 
Postclirnax, 82, 83, 86 , 85, 102 
Postclimax savanna, 86 
Potato scab, 329 
Potatoes, 415 
competition, 158 
length of day, 410 
PotentiUa, 289 

Prairie, 516-529 (see also Grassland 
climax). 
cat's-foot, 124 
disclimax, 87 
false boneset, 158, 316 
Prairie dog, 270 
Prairie soils, 192, 193, 194 
Precipitation, 210-214 

amount intercepted, 212, 213 
eflfect, of manner, 213, 214 

of seasonal distribution, 213, 214 
of time, 213, 214 
evaporation, ratio, 355 
forms, 211 
measurement of, 211 
modified by altitude, 335 
in relation, to runoff, 214 
< to societies, 524 
to water content, 212 
Preclimax, 82, 83, 84, 102 
Predators, 286 

Pressure*, effect on humidity, 338 


Prickly lettuce, 384, 386 
Prisere, 78 

Production of pollen and nectar, 257 
Propulsion in migration, 129 
Prosopis, 305, 465, 476, 476 
ProtandrouB flowers, 257 
Protection of pollen and nectar, 258, 269 
Protogynous flowers, 257 
Protozoa, 326 
Psammosere, 79 
Pseudocymopterus, 72 
Pseudotsuga, 8, 92, 139, 370, 602 (see 
also Douglas fir). 

Psoralea, 6, 40, 96 
Psych rometers, 341, 342 
Pleris, 233 
Pyrola. 324, 370 

Q 

Quadrats, 4, 10-33, 12, 157 
basal-area, 14 -18 
chart, 23, 26, 28 
clip, 18, 18 
denuded, 29, 30 
frequency-abundance, 21 
kinds, 11 

to employ, 31 
marking out, 11 
pantograph chart, 24-26, 26 
permanent, 26-29 
size, 11, 32 
Quercus borealis, 96 

nuicrocarpa, 43, 292, 407 

R 

Radiant energy, 380, 380 
Ragw^eed, 40, 133, 154, 414, 416 
Rain gage, 211 
Rainfall (see Precipitation). 

Rainfall cycles, 285 
Rainfall interception, 212, 213 
Ranunculus, 436, 440 
Reactions, 4, 5 
of animals, 247 • 

by burrowing animals, 247 
and coaction, 238 
general, 234, 235 
interrelations, 234 
kinds, 238 
by man, 248, 240 
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Heactions, nature, 234 
and plant cover, 241, 242 
and rainfall, 253, 254 
role in succession, 236 
and stabilization, 234-254 
on water, 241 
on wind, 241, 249-251 
by windbreaks, 251 
Red cedar, 502, 503 
Red clover, 172, 411, 414 
Red maple, 294 
Red oak, 95 
Red soils, 198 
Redfieldia, 326 
Rccd-swamp stage, 62 
Relict, 83 
method, 48, 49 
mixed prairie, 84 
Remainder indices, 373 
Reproduction, 135, 144, 473 
Response to low water content, 296, 
297, 299 

Rhizomes, 298, 323-326, 326 
Rhododendron^ 233 
RhuSf 324 

Ring counts (see Annual rings). 

Hobiniaj 141 

Rodent coactions, 270, 271 
Elodents, 247, 271, 281 
and seed destruction, 53, 127 
Root habits (see also Roots and Root 
systems). 

affected by tillage, 312, 314 
within the community, 314-321 
in desert sage, 319, 320, 320 
in desert scrub, 320, 321 
of forest trees, 292 
in forests, 321 
in mixed prairie, 317, 318 
modified, by drainage, 299-301 
by irrigation, 299-301 
by pruning, 312 
by transplanting, 309-312 
modifying, 291 
in Palouse prairie, 289, 318 
and phosphates, 302, 303 
relation to crop production, 291 
response to cultivation, 309, 312, 314 
of seedlings, 141, 291 
in short^grasB disclimax, 316, 316, 318 
of summer annuals, 320 
of sunflower, 200 


Root habits, in tnie prairie, 315 
value of knowledge, 291 
variation in, 294, 295 
of winter annuals, 320 
Root-hair zone, 322 
Root hairs, 322, 323 
absorption by, 203 
contact with soil, 323 
duration, 322 
factors affecting, 322, 323 
occurrence, 322, 323 
osmotic pressure, 323 
in relation to absorbing area, 322 
in root thickening, 322 
Root offshoots, 323-326 
Root pockets, 430 

Root systems (see also Roots and Root 
habits). 

affected by decayed roots, 302 
extent, 288 
generalized type, 321 
ideal type, 296 
position in bogs, 298 
relation, to acidity, 303, 304 
to salinity, 303 

response, to high water content, 298- 
301 

to low water content, 295-298 
to shading, 309 
shaped by compact soil, 305 
specialized type, 321 
total length, 161, 162 
Roots (see also Root habits and Root 
systems). 

activities in subsoil, 290 
aerial, 173 

amphibious plants, 433, 435 

of apple, 162, 163, 288 

of cactus, 443 

of chaparral and pine, 314 

of corn, 293, 297 

depth of absorption, 315, 316 

extent and nonavailable water, 204 

floating plants, 430 

of great bulrush, 300 

and heredity, 293, 294 

of Indian chillies, 293 

of mesophytes, 437 

modified by cover crop, 314 

of Panicumj 240 

of pecan, 288 

of pitch pine, 299 
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Roots, rate of growth, 288 
relation to environment, 232, 288 
response, to aeration, 305-307, 306 
to environment, 293-309 
to mulching, 314 
to nutrients, 301-303 
to temperature, 307, 308 
of sorghums, 204 
submerged plants, 427, 428 
xerophytes, 453 
Rose, 121, 207 
Rose gentian, 422 
Rosinweed, 385 
Rumcx, 233 

Runoff, and erosion, 246, 247 
and grazing, 242 
measurement, 246 
plots, 246, 247 
Russeting, 377 
Russian thistle (see Salsola). 

S 

Sagebrush (see Artemisia tridentala). 
Sagebnish climax, 533-535 
Salicorniaj 227 

Saline soil, 224-229 (see also Soil 
salinity). 

Salsify, 169 
Salsola, 127, 250 
migration, 117 
water storage, 446 
Salt bush (see A triplex). 

Salt grass, 226, 227 

Saltwort, 227 

Sand bars, 109, 119 

Sand hill bluestem, 319 

Sand hill sage, 463 

Sand hills, 110 

Sand reed, 74 

Sarcobatus, 467 

Scirpus validus, 62, 64, 300 

Scrub climax, 531 

Sea blite, 147, 226, 227 

Sedge-meadow stage, 63, 64 

Sedges, 19, 130 (see also Carex). 

Sedum, 414 

Seed, in chaparral, 170 
distribution, 267, 268 
dormancy in, 133, 134 
longevity, 125, 137, 138, 169 
planting in forest, 142 


Seed, production, 123, 124, 267 
size, and depth of planting, 139 
and germination, 154 
source of, 169, 170 

Seed coats, impermeable, to oxygen, 136 
to water, 135 

mechanically resistant, 136 
Seed-distributed plants, 120 
Seed embryo, imperfect, 137 
requiring acidity, 137 
Seed trees, 139 
Seedbed, 307 

Seeding, 141, 277, 278, 280 
Seedlings, 140, 141 
Serecliroax, 81 
Seres, 60, 79 

classification of, 79 
on volcanic deposits. 111 
Serule, 79 

Shad scale, 320, 466, 467 
Shade, in crop production, 401-403 
effect, 401, 408 
and plant development, 401 
plants, 404 

Shellbark hickory, 337 
Shelter belt, 279 
Shinnery, 531 

Short-day plants, 411, 412, 412, 413 
cause of behavior, 415, 416 
Short-grass disclimax, 460, 464, 524, 525 
Short-grass root systems, 316, 318 
Shrub stage, 70 
Sierran chaparral, 633 
Sierran montane forest, 507, 608 
Sierran subalpine forest, 495, 496, 496 
Sierran tundra, 486, 487 
Signs of overgrazing, 471 
Silene, 373 

Simple aggregation, 146 
Slime mold, 329 
Slope, 214 
effect on light, 400 
and temperature, 220, 365 
Smiladna, 296 
Snapdragon, 264 
Snow and soil temperature, 221 
Snowfall, 211 
Socies, 102, 102 
Societies, 9, 96-99, 96 
aspect, 97, 98 
kinds, 97 
layer, 98 
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Sod^ore phytometers, 420, 421 
Soil, 173-233 

acidity, 197, 217, 218, 22^233 (see 
also Acid sails). 
and plant distribution, 232 
air, 215-218 
composition, 217 

in relation, to biological activities, 
217 

to toxins, 217 
renewal, 216 
alkalinization, 225 
analyses, 177 
augers, 207 
base exchange, 176 
biological processes, 175 
blowing, 347 
can, 207 
classes, 177 
clay, 176 
colloids, 176, 196 
composition, 175 
conservation, 273-284 
defined, 173 

development, 175, 187-199 
effect of vegetation, 188 
processes, 187, 188 
drifting, 260, 261 
forming processes, 174 
lime, 192, 197 
map, 193 
nature, 174 
organic matter, 175 
organisms, 175, 326-328 

relation to nitrogen, 326, 327 
origin, 174, 174 
particles, 177 
pore space, 215, 216 
profile, 188, 189, 190, 191, 191, 194 
reactions, 241-249 
base exchange, 176 
and conservation, 239 
relation, to plant development, 173- 
233 

to rocks, 174, 175 
salinity, 224-229, 226 
adaptation to, 303 
effect, on roots, 304 
on soil structure, 227 
on wheat, 227 
measuring, 228 

and plant distribution, 467, 468 


6&7 

Soil, salinity, reclaiming land, 228, 229 
why harmful, 226, 227 
sampling, 207, 208, 209 
sand, 176 
solution, 185-187 
stratification and acidity, 230, 233 
structure, 178-180, 179, 190 
affected, by animals, 180 
by vegetation, 195, 197 
effect of roots, 180 
on roots, 189, 190, 304, 305, 318 
and erosion, 179 
modified >)y grasses, 180 
and porosity, 179 

temperature (see Temperature oj soU). 
texture, 175-178 
thermograph, 216, 222, 223 
tilth, 178 
tubes, 207 

type, indicators, 462 
water-holding capacity, 177, 201, 202 
water movement, 202 
zonal groups, 191-199, 193 
Soil-water movement, 202 
Solar radiation (see Light), 

Solonchak, 199, 225 
Solonetz, 199, 225 
Soloth, 199 
Solum, 173, 190 
Sorghum, 204 
Sorrel, 233 
Sour soils, 217 
Soybeans, 413, 414 
Spartina^ 315 
Sphagnum^ 76, 169 
and acidity, 233 
Spike nish, 64 

Spore-distributed plants, 120 
SporoholuSf 141 

Sprutc-larch forest, 489-491, 489, 490 
Spruce-pine forest, 491 
Squash, 288 

Squirting cucumber, 129 
Stabilization, 6, 234 
and climate, 236 
and dominance, 237 
in grassland, 6 
and succession, 236, 237 
SteUaria, 414 

Stems, of amphibious plants, 433 
of floating plants, 4^ , 

of submerged plants, 428 
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Stems, of xerophytes, 453 
Stipay 87, 315 
comata, 19, 461 , 623 
Uucotrickay 622 
pennata, 96 
puLchray 627 
sparteay 5, 16 , 469 
Stolons, 328 
Stomata, 438--440 
of alfalfa, 369 
of cocklebur, 390 
frequency of, 438, 439 
of hydrophytes, 436 
movements and light, 388-390 
number and competition, 438, 439 
of oats, 438 
of prairie plants, 439 
size and competition, 439 
of stmflowers, 439 
Strip planting, 276 , 348 
Structure, of soil (see Soil). 

of vegetation, 6-9 
Suaeday 147 , 226 , 227 
Subalpine fir, 494 , 496 
Subalpine forest, 492-496 
Subclimaxes, 81, 82 
examples, 81 

Subdominants, 7, 97, 478 
Submerged plants, 425-429 
Submerged stage, 60 
Subseres, 78, 80 
Succession, 60-88 
ill bogs, 76 
climatic causes, 106 
ecesic causes, 106 
after fire, 473, 474 
in forests, 78 
on gravel slides, 72 
and grazing, 87, 88 
hydrarch, 60 
initial causes, 106 
and mobility, 118 
and overgrazing, 469-472 
in relation, to competition, 164 
to range management, 86, 87 
to reactions, 236 
on river bars, 76 
on rock, 66, 72, 73 
in sand, 73, 119 
on talus slope, 72 

variation in stages and dominants, 77 
viewpoints, 71 


Succession, xerarch, 66 
Succulence, 446-448 
Succulents, 446-448 

Sugar beet, response to low water con¬ 
tent, 296 

roots, 296 , 301, 308 
and salts, 226, 303 
Sugar maple, 386 
Sugar pine, 608 

Sum of temperatures, 372-375, 878 
Sumac, 324 

Sun and shade leaves, 382, 383 , 384 , 385, 
386 , 386, 386 , 388 

Sunflowers, 63 , 390, 396, 401, 413, 415, 
416, 439 

competition among, 150, 151, 160 
development under competition, 161 , 
162 , 163 

environment and growth, 419 , 420 
phytometers, 419 
response to water, 200 
Sunlight, 380 
Suiilightmeter, 396, 397 
Sunscald, 360, 395 
Surface, 214 
Sweet clover, 141 , 206 
Sweet pot atoes, 303, 312 
Symphoricarposy 166 
Synecology, 105 
SyringUy 312 

T 

Tail-grass prairie, 520, 621 
Tall marsh grass, 315 
Tamarack, 46 , 48, 237 , 406 , 489 
Taxodiuniy 294 
Temperature, 356-379 
effect on habitat, 356 
of altitude, 362 
of clouds, 363 
of cover, 363 
of latitude, 362 
of slope, 362, 365, 366 
of wind, 363, 364 
extremes and vegetation, 359 
favorable to plants, 366, 367 
graphs, 345 

influence, on ecesis, 375, 376 
on vegetation, 275, 276 
inversions, 366 
maximum, 359, 367 
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Temperature, measurement, 357-359 
minimum, 359, 368 
modifying humidity, 335 
optimum, 367 
in orchards, 364 

of plants (see Plant temperature). 
records, 216, 359 

in relation, to crop distribution, 377 
to disease, 376-379 
to dormancy, 134 
to plant distribution, 366 
to timber line, 365 
of soil, 218-224 
distribution of cacti, 307 
factors affecting, 219-221 
for germination, 223 
measurement, 219, 220, 221-223 
relation, to aeration, 308 
to color, 219 
to cover, 220 
to disease, 218, 328, 329 
to nodule growth, 327 
to plant activities, 223 
to slope, 220, 221 
to soil organisms, 224 
reactions, 224 

to water content, 219, 224, 364 
under snow, 221 
and transpiration, 223 
variation with depth, 218, 219 
time relation, 358 
unfavorable to plants, 366, 367 
variation in, 362 
Terraces, 276, 278, 282, 283 
Texture of soil (see Soil). 

Thermograph, 222, 358 
Thermometers, 357, 358 
Thickened walls, 449-451 
Three-awned grass (see Arielida). 
Three-seeded mercury, 1 
Thuja, 48, 139, 237, 405, 602, 603 
Tilia, 292, 384, 386, 407, 473 
Tillage (see Cultivation). 

Timber line, 336, 366 
Timothy, 260, 410 
Tobacco root rot, 328, 379 
Tolerance, 403-410 

of broad-leaved trees, 404, 405 
of coniferous trees, 404, 405, 406, 407, 
408 

factors affecting, 407-410 
and forest management, 404 
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Tolerance, methods of determining, 406- 
407 

Tomato wilt, 328 
Topographic causes, 107 
Touch-me-not, 1 
Toxins, 217 
Tragopogon, 169 
Transects, 33-37 

Transpiration, of ash seedlings, 420 
cuticular, 449 
effect of wind, 347 
from forests, 253 
and leaf height, 438, 439 
of mesophytes, 444, 445 
of sunflowers, 420 
of xerophytes, 444, 445 
Transplanting, 278, 309-311 
in forests, 142, 142 
and root development, 310, 312 
sods of grass, 278 
Trenching experiments, 408, 409 
Tristats, 42 

True prairie, 6, 9, 458, 469, 518-520, 619 
conditions indicated, 459 
dominants, 458 
nature, 458 

root systems, 316, 315, 459 
Tsuga, 139, 499, 602, 603 
Tumbleweeds, 127, 127 
Tundra climax, 482-487, 484, 486 
Tundra soils, 199 
Turgescent fruits, 129 
Tway blade, 264 
Typhn, 62, 432 
ecological anatomy, 434 
roots, 306 

U 

Vlmne, 100 

Underground plant parts, 288-3J 
Underground stems, 323-326, 32 
Units of vegetation, 89-105, 99 

V 

Vaednium, 233 

Vapor pressure deficit, 345, 346 
Vegetation, 1 
development, 3, 65, 89 
influence of temperature, 375 
methods of studying, 10-59 
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Vegetation, origin, 2 
structure, 6 
units, 89-105, 99 
Vernalization, 415, 416 
Vernoniaf 471 

Viewpoints of succession, 71 
Violets, 129 , 264 , 411 
Virginia creeper, 392 

W 

Walnut, 100 , 294 
Wandering dunes, 74, 76 
Water, in competition, 156 
conservation, 273-284 
and dormancy, 134 
in migration, 125 
of plant, 199 
and pollination, 263 
of soil, 199-210 

available for growth, 203 
determining, available, 206-210 
nonavailal3le, 205, 206 
factors modifying, 210-215 
interpretation of data, 209 
kinds, 200 
movement, 202 

to absorbing surface, 203 
nonavailable for growth, 203 
relation to precipitation, 212 
and slope, 214, 215 
and surface, 214, 215 
at various depths, 208 
Water content, 199-210 
Water crowfoot, 436 
Water hyacinth, 429 
Water lily, 61 , 431 
Water plantain, 136 
Water requirement, 355 
Water-retaining capacity, 201 
Water table and root development, 298- 
301 

Waterweed, 426 , 426 
Weeds and yield, 158 
Western hemlock, 139, 602 , 603 
Western white pine, 143 , 603 
Wheat, competition, 154, 166 , 160, 161 
diseases and soil temperature, 328, 
329 

distribution and temperature, 376 
effect, of acidity, 304 
of salts, 226 , 227 


Wheat, efficiency underground, 289 
and freezing, 370 
and phosphates, 303 
rate of growth, 288 
roots, 299 , 312 

temperature for germination, 223 
Wheat grass (sec Agropyron). 
alteme, 8 

effect of grazing, 64 
rhizomes, 170 
Wheat scab, 329 
White fir, 237 , 370 , 406 , 608 
White pine, 408 , 496, 499 
root de'^elopment, 309 
and shade, 387 
White sage, 467 
Wild bergamot, 266 
Wild life, 284-287 
and climate, 285 
conservation, 284-287 
food and cover, 285 
predators, 286 
Wild oats, 133 
Wilting coefficient, 204, 206 
Wind, 249-251, 333, 340-350 
effect, on temperature, 363, 364 
on vegetation, 336 , 336, 338 
erosion, 248 , 260 , 261 
erosive effect, 346, 347 
measuring movement, 349 
migration, 126, 127 
modifying humidity, 335-338 
in relation, to pollination, 263, 347 
to tree growth, 337 
throws, 112, 113 
and transpiration, 347 
velocity and pressure, 346 
Wind-borne disseminules, 126 
Wind movements, modifying, 348 
Windbreaks, 34, 251, 252, 279, 280, 848 
coactions, 280 
and c:ompetition, 166 
effects, 252 
and yield, 252 
Wintergrecn, 824 
Winterkilling, 337, 368 
Wire grass (see Aristida). 

Witch grass, 127 
Woodland climax, 529-531, 680 
associations, 530 
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Woodland stage, 65, 66 
Woolly plantain, 69 

X 

Xanthiumf 136 
competition, 160 
stomata, 390 
Xenogamy, 262 
Xeric environments, 440 
Xeromorphic structures, 445 
Xerophytes, 424, 440-453 
adaptation, by high osmotic pressure, 
451-453 

by other changes, 453 
by succulence, 446^48 
by thickened walls, 449-451 
behavior, 444 
characteristics, 442, 444 
classification, 441, 442 
and drought resistance, 445 
nature of, 440 
origin, 440 

and transpiration, 444, 445 


Xerophytes, types of environments, 440, 
441 

Xerosere, 66-71, 67 
climax-forest stage, 70 
crustose-lich^ stage, ^ 
foliose-lichen stage, 67 
herbaceous stage, 69 
moss stage, 68 
shrub stage, 70 

Y 

Yellow berry, 328 
Yellow soils, 198 
Yellowbrush, 41, 87 
Yiiccay 264, 626 

Z 

Zea may a (see Corn). 

Zonal soil groups, 191-199, 193 
Zonation, 6, 7, 227 
Zone, of concentration, 190 
of extraction, 190 












